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INFLUENCE OF GRAIN MINERALOGY AND SURFACE AREA ON 






Thermal degradation of oil in the subsurface can occur in the presence of 
mineral grains, organic matter and reservoir fluids.  In an attempt to replicate 
natural environments, Smackover oil was pyrolyzed with mineral grains added 
to the reactor.  Few studies have assessed changes in quantity and composition of 
generated gas from oil pyrolysis using mineral or rock grains in the reactor.  
However, laboratory experiments designed to investigate the role of minerals in 
the thermal alteration of organic matter suggest that illite and Na-
montmorillinite may influence the concentration of generated n-alkanes and 
acyclic isoprenoids (Huzinga, et al., 1987).  In addition, it was noted that during 
their anhydrous experiments, small amounts of interstitial pore water were 
liberated from illite and Na-montmorillinite. 
Table 5.1 lists the rock material selected to represent a spectrum of typical 
mineral grains found in reservoir environments.  Quartz sand, limestone, 
dolomite, and illitic shale were collected from various sources for use in 
pyrolysis experiments.  Composition of the material was determined from x-ray 
diffraction patterns that were quantified using an Excel-based software program 









The quartz sand (both 2mm and 0.75mm grain size) is primarily composed of 
quartz, microcline, orthoclase, and albite feldspars with minor amounts of clays 
(Table 5.1).  High percentages of chert (28.4 and 22.8%) determined from 
diffraction patterns are actually fine-grained authigenic quartz.  Compositions of 
quartz sand for the 2mm and 0.75mm grain sizes are listed for comparison.  
Increased concentrations of microcline and albite feldspars are present in the 
finer grain size of the quartz sand with a higher concentration of orthoclase 
present in the coarser quartz sand. 
The limestone is composed predominantly of calcite, with subsidiary 
amounts of dolomite, Fe-bearing dolomite, ankerite, gypsum, jarosite (potassium 
sulfate hydroxide), and diopside (Table 5.1).  The presence of diopside is 
consistent with the origin of the rock material.  The Leadville limestone contains 
zones of contact metamorphism in which ore minerals and diopside were 
generated.  The limestone also contains minor amounts of kaolinite, Ca-smectite, 
and montmorillinite with trace amounts of biotite and Fe-chlorite. 
Dolomite, Fe-bearing dolomite, and ankerite concentrations comprise the 
bulk of the dolomite used in the pyrolysis experiment.  Minor amounts of 
disordered kaolinite and microcline feldspar are contained in the dolomite along 
with trace amounts of other micas.     
The composition of the illitic shale was analyzed before and after pyrolysis to 
determine if any structural changes occurred in the clay lattice structure under 
extreme heating conditions.  It was determined that composition of the illitic 
shale comprises 69.2% clays and 30.8% non-clay material (Table 5.1).  
Composition of the non-clay material is predominantly quartz.  The clays are 
dominantly composed of various lattice structures of illite, and minor amounts of 
Fe and Mg-bearing chlorite.  The illitic shale includes three different clay 
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structures (1M, 1Md, and 2M1) of illite distinguished by different patterns of 
tetrahedral and octahedral layers and the number of layers comprising the unit 
cell.  According to Table 5.1, illitic shale compositions before and after pyrolysis 
suggests that the compositions are virtually identical.  Therefore, the clay 
structure in the illitic shale does not change during both the experimental 
conditions.   
 
Experimental Method  
 
 
Reactor environments were modified in seven experiments to incorporate 
mineral grains with Smackover oil for isothermal pyrolysis at 380 °C. As in the 
unmodified hydrothermal and anhydrous experiments, better temperature 
control was attained in the hydrothermal grain experiment when compared to 
the anhydrous grain experiments (Table 5.2).  Standard deviations range between 
0.7 and 1.9 °C for the anhydrous experiments.  In comparison, the standard 
deviation for the hydrothermal experiment is only 0.1 °C.  All experiments were 
run for 288 hours. 
 Two experiments were designed for anhydrous pyrolysis of Smackover oil 
using quartz grains of 2mm and 0.75mm size in the reactor (Table 5.2). This was 
done to assess the effect of quartz grains, normally found in a clastic reservoir 
environment, on the generation of gas.  In using the same grain composition but 
reducing the grain size to 0.75mm, the affect of surface area on gas generation 
was also tested.  Table 5.3 lists the grain size, rock mass, pore space in rock mass 
and surface area of the grains loaded into the reactors.  Surface area in the quartz 
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*  theoretical surface area determined by shape and grain measurements on representative suite of grains 
quartz   SA = 4πr2   (formula for sphere)     SA=surface area 
limestone, dolomite, and illitic shale   SA = 2(bc)+2(ab)+2(ac)     a,b,c = orthogonal indicies of a prism 
^  pore space determined by measuring rock volume and water volume needed to just cover grains 












compared to the anhydrous and hydrothermal quartz sand experiments using 
2.0mm quartz grains (Table 5.3).   
The total surface area of grains loaded into the reactors and the pore space 
available to oil within the rock mass were designed to be similar between grain 
compositions used in the experiments, with the exception of the 0.75mm –quartz 
sand experiment in which the surface area was deliberately increased (Table 5.3).  
Keeping the total surface area and available pore space similar insures that 
variability in grain composition is the primary difference between the different 
mineral experiments. Total surface area of the loaded rock grains for both the 
anhydrous and hydrothermal experiments ranges between 9, 993 cm2 for the 
dolomite to 11,464 cm2 for the illitic shale.  These calculations are theoretical but 
suggest that the surface area is within the same order of magnitude between the 
2mm-quartz sand, limestone, dolomite, and illitic shale experiments. In order for 
the surface area of the rock grains to be similar, the mass of grains loaded into 
the reactors was varied.  For the quartz sand, 875 g of material was loaded into 
the reactors while only 700 g of illitic shale was loaded for the shale experiments 
(Table 5.3).  
The mass of rock loaded in the reactor also determined the amount of pore 
space available to oil (or oil and water for the quartz hydrothermal experiment) 
within the grain material.  The calculated pore space for all grain experiments is 
roughly similar, ranging between 244 to 279 cm3.  By keeping the pore space in 
the loosely packed grains approximately equivalent, the amount of oil needed to 
fill the pore space and just cover the grains was also equivalent (Table 5.4).  With 
the exception of the hydrothermal quartz grain experiment, the original oil 









In the case of the hydrothermal grain experiment, to insure that enough 
headspace was available for the thermal expansion of oil and water only 95.3 g of 
oil and 121.3 g of deionized water was used in the experiment.  The water and 
grains were mixed in a beaker to produce a slurry mixture before being loaded 
into the reactor filled with oil.  This produces grains in which the grain-fluid 
interface can initially be considered water-wet, similar to most reservoir  
environments within the subsurface (Hunt, 1996).  The grain-oil interface in the 
anhydrous experiments should be considered oil-wet.   
Limestone, dolomite, and illitic shale were used in the anhydrous pyrolysis 
experiments (Table 5.2).  However, in the initial illitic shale experiment (HP-
3180), 1.33 g of water was recovered at the termination of the experiment, along  
with generated gas, degraded oil, char, and rock grains.  It also appeared that a 
small amount of water was included as emulsion in the recovered oil.  
Accordingly, it is unclear if this experiment can be truly considered anhydrous 
due to the steam present within the reactor during the experiment.  
To ascertain how much water could be incorporated in micropores of the 
illitic shale, samples were dehydrated in a vacuum oven at 20 °C for six hours.  
Based on the before and after weight differential, between 4.2 and 4.4 g of 
interstitial pore water is present in 700g of illitic shale.  Based upon this 
information, a subsequent experiment was designed using dehydrated illitic 
shale to insure that pyrolysis conditions were anhydrous.  Illitic shale samples 
were dehydrated by insertion in GC ovens at 35 °C for twenty-four hours.  A 
small amount of water (0.26g) was recovered from the dehydrated shale 
experiment which may indicate relict interstitial pore water or water derived 




Pressures for all the grain experiments were recorded and plotted.  Figure 5.1 
illustrates the progressive pressure increase through time.  As was discussed in 
Chapters 3 and 4, the pressure created during the experiments is the result of the 
interplay between headspace volume in the reactor, thermal expansion of oil 
(and water if used), and gas generation.  The hydrothermal experiments cluster 
together (Figure 5.1).  However, the anhydrous experiments produce a wide 
range of initial and final pressures.  
Initial pressures for the hydrothermal and hydrothermal-quartz grain 
experiments are similar.  As experimental run-time increases, recorded pressures 
for the hydrothermal-quartz grain experiment are lower and result in a final 
pressure of ~4400 psig, 300 psig lower than the final pressures for the 
hydrothermal experiments.  It is important to note that the amount of water used 
in the grain experiment is also smaller, 121.3 g versus the 185.0 g used in the 
hydrothermal experiment.  This decrease in water mass may contribute to the 
lower final pressures recorded for the hydrothermal-quartz grain experiment.   
The hydrothermal experiment with no grains (HP 2877) has an initial 
headspace of 669.70 cm3, larger than the initial headspace available in the grain 
experiment, 421.13 cm3 (Table 5.5). In general, the smaller initial headspace in the 
reactor used for the grain experiment should induce an increase in the final 
pressures given similar temperature conditions.  However, since the amount of 
gas generated between both experiments is similar (Table 5.3), it appears that the 
smaller amount of oil (95.3 g) used in the grain experiment relative to 146.3 g of 
oil used in the hydrothermal oil-only experiment, in conjunction with the 
decreased amount of water used in the grain experiment has resulted in lower 










Figure 5.1  Recorded pressure (psig) comparison between grain experiments and 
hydrothermal or anhydrous experiments (without grains) at 380 °C. 
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Table 5.5     Comparison of reactor headspace for hydrothermal, anhydrous,  

















      
HP 2877 deionized H2O 669.7 HP 2876 _______ 567.3 
HP 3183 deionized H2O 
2mm quartz 
sand 
421.1 HP 2887 2mm quartz 
sand 
395.6 
   HP 3179  2mm limestone 445.7 
   HP 3180 2mm illitic 
shale 
463.4 
   HP 3181 2mm dolomite 493.3 
   HP 3182 0.75mm quartz  
sand 
383.1 




      
 












The highest initial and final pressures produced from the anhydrous 
experiments are from the illitic shale experiment (Figure 5.1).  For comparison, 
final pressure of the dehydrated illitic shale experiment is approximately 1000 
psig lower than the pressure produced from the illitic shale experiment.  Since 
both experiments started with similar available headspace, the difference in 
pressure is attributed to water and gas generation (Table 5.5).  Over one gram of 
water was recovered from the illitic shale experiment, and it is likely that at least 
two to three grams of water may have been generated based upon the oven-
drying experiment.  The thermal expansion of water has induced higher initial 
and final pressure in the illitic shale experiment.  This effect is magnified by the 
increased gas yield produced from the illitic shale experiment relative to the 
dehydrated illitic shale experiment (Table 5.4).  The amount of oil and rock 
grains loaded into both experiments is almost identical (Tables 5.3 and 5.4).  
Therefore, the only significant difference between the illitic shale and dehydrated 
illitic shale experiment is the presence of water. 
In contrast to the effects of both gas and water generation in the illitic shale 
experiments, differences in pressure for the anhydrous quartz experiments can 
only be attributed to differences in gas generation.  Similar amounts of quartz 
grains and Smackover oil were loaded into reactors for the 2mm-quartz grain 
experiment and the 0.75mm-quartz grain experiment (Tables 5.3 and 5.4).  In 
addition, available headspace in the two reactors is also similar (Table 5.5). The 
final pressure for the 0.75mm-quartz grain experiment is almost 650 psig lower 
than the 2mm experiment (Figure 5.1).  This reflects a decrease in total gas yield 
from the 0.75mm experiment (Table 5.4). 
Pressures produced from the dolomite and limestone grain experiments are 
the lowest of all anhydrous experiments (Figure 5.1).  To keep the surface area 
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and pore space in the rock mass similar between the limestone and dolomite 
experiments, the mass of limestone loaded into the reactor is 778.3 g.  In 
comparison, only 700.1g was loaded in the dolomite experiment (Table 5.3).  It is 
important to note that even though more grain mass was loaded into the reactor 
for the limestone experiment (hence, decreased head space in the reactor), the 
final pressures generated from this experiment are ~200 psig lower than what 
was recorded for the dolomite experiment.  Since the amount of oil loaded into 
both experiments differs by ~12g, with the limestone experiment containing the 
smallest amount of oil, the difference in pressure between the two experiments 
may be attributed, in part, to the pressure exerted by the thermal expansion of 
oil.  In addition, the total gas yield from the limestone experiment is ~2.0 wt.%Oo 
less than the yield from the dolomite experiment (Table 5.4). It is likely that the 
difference in pressure between the limestone and dolomite experiments is due to 
the combined effects of differences in gas generation and the initial amount of oil 






Analysis of the generated gas produced from the grain experiments requires 
a comparison of the total gas yield relative to other pyrolysis experiments, a 
discussion of the compositional variation in the generated gas produced from the 
grain experiments relative to other pyrolysis experiments, and an analysis of the 
δ13C variation in the generated gas.  Results from these comparisons are 
analyzed in conjunction with information determined from the generated char 
and recovered oil to interpret the effects of geologic factors on the generation of 
natural gas from the pyrolysis of natural oils. 
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     Total gas yield  
 
 
Total gas yields from the hydrothermal, anhydrous and grain experiments at 
380°C were calculated using the mass difference in reactor weight before and 
after gas collection from each experiment.  Yields from the experiments are 
expressed in terms of weight percent of original oil (wt.%Oo). Table 5.4 lists the 
experiments and indicates that the grain experiments produced gas yields which 
range between 14.7 and 23.1 wt.%Oo.  The gas yields generated by the grain 
experiments bracket the mean gas yields determined from the hydrothermal 
(21.1 wt.%Oo) and anhydrous (19.1 wt.%Oo) experiments without grains in the 
reactor.   
The illitic shale experiment produced the highest gas yield, 23.1 wt.%Oo, 
relative to the other grain experiments (Table 5.4).  This yield is higher than the 
mean gas yield produced from the hydrothermal and anhydrous experiments.  
The dehydrated illitic shale experiment produced a gas yield of 19.2 wt.%Oo, 
almost identical to the mean gas yield determined from the anhydrous 
experiments.  The only significant difference between the two shale experiments 
is the presence of water in micropores and clay lattice structure of the illitic shale 
experiment.  
Yield differences were also noted in the anhydrous quartz grain experiments 
designed to test differences in surface area.  The 2mm-quartz grain experiment 
generated a total yield of 18.4 wt.%Oo.  In contrast, the 0.75mm-quartz grain 
experiment generated a total yield that was much less, 14.7 wt.%Oo.  Since the 
mass of oil and rock used in the experiments were similar but the surface area 
almost tripled due to the change in grain size, this difference appears to be 
significant (Table 5.3).  This would imply that increasing the surface area of 
305 
 
grains in a reservoir environment has a detrimental effect on gas generation. It 
should be noted that quartz grains were used in this comparison.  A different 
result may occur by using other rock lithologies and additional experiments need 
to be designed to test this result. 
The hydrothermal grain experiment using 2mm-quartz grains generated a 
gas yield very similar to the yields generated from the hydrothermal 
experiments without grains in the reactor (Table 5.4).  The yield difference 
between the hydrothermal grain experiment and mean gas yield determined 
from the hydrothermal experiments is within the 1.0 wt.%Oo standard deviation 
previously determined from replicate Smackover oil experiments.  Therefore, 
there is no significant difference in total gas yield between the hydrothermal 
grain experiment and hydrothermal experiments without grains in the reactor. 
The total gas yield generated from the dolomite grain experiment is 
virtually identical to the total yield from the 2mm-quartz grain experiment, 18.5 
and 18.4 wt.%Oo, respectively.  The limestone grain experiment produced 16.6 
wt.%Oo, 1.9 wt.%Oo lower than the gas yield from the dolomite grain 
experiment.  Since the yield difference exceeds 1.0 wt.%Oo, the standard 
deviation determined from previous experiments, differences in carbonate 
mineralogy may influence the amount of gas generated.   
Figure 5.2 illustrates the inverse relationship between the recovered oil and 
the amount of gas generated.  As was discussed previously, the 0.75mm-quartz 
grain experiment and limestone grain experiment produced lower gas yields 
than all other grain experiments.  It appears that yields produced from the 
anhydrous grain experiments follow the same general trend, with the exception 
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Figure 5.2  Plot showing changes in recovered oil as a function of gas yield.  
Comparison of grain experiments with hydrothermal and anhydrous 
experiments with no grains in the reactor.  All experiments are at 380 °C. 
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from the hydrothermal experiments. Undersaturated steam may cause an 
increase in gas yield similar to increases produced from the hydrothermal 
experiments due to the influence of water within the reactor (Figure 5.2).  It is 
It is apparent that the gas yields between the illitic shale and dehydrated-illitic 
shale experiments are different. 
     
 
      Gas composition results 
 
 
The addition of mineral grains into the reactor during pyrolysis of 
Smackover oil at 380 °C may influence the composition of the generated gas from 
degraded oil.  Tables 5.6a and 5.6b list the concentration of gas species produced 
from each grain experiment in mole %, wt.%Oo and in mmoles Oo. For 
comparison, the hydrothermal and anhydrous Smackover oil experiments are 
included in the tables. As determined from previous replicate experiments the 
standard deviation in weight % is ±1.0 per gram of original oil.   If this deviation 
is distributed through the compositional analyses such that the total difference 
equals ±1.0 wt.%Oo, the average difference in absolute units approximates 
 ± 0.05 mmoles of original oil for each molecular gas constituent. 
Analysis of the concentration of the gas species recovered from the grain 
experiments indicates significant differences in the concentration of C1 and C2 
between the experiments (Tables 5.6a and 5.6b).  For example, methane (C1) 
yields from HP 2876 (no grains in reactor, anhydrous) and HP 2887 (2mm-quartz, 
anhydrous) range between 42.58 – 50.73 mol%.  In contrast, the yield of 
generated C1 from HP 3182 (0.75mm-quartz, anhydrous) is only 21.05 mol%, 











consequence of the disparity in reported compositional results, verification of 
sample cylinder and analytical integrity was necessary to determine if 
compositional results from these experiments are reasonable. 
In general, large concentrations of oxygen and nitrogen measured in the gas 
recovered from the sample cylinders would indicate a leaking valve.  A leaking 
valve in the sample collection cylinders would compromise the reported 
hydrocarbon and non-hydrocarbon gas concentrations.  Only small 
concentrations of oxygen, nitrogen, and argon were reported in the GC data 
from the grain experiments. 
An additional method to determine sample cylinder integrity requires the  
calculation of the recovered gas mass using the Ideal Gas Law, PV=nRT (see 
Chapter 2 for discussion).  The mole% concentrations of the gas species were 
used to determine the recovered gas mass. This calculation was compared with 
the actual recovered gas mass from each experiment.  A significant difference 
between the actual gas mass recovered from the experiment and the calculated 
gas mass using the reported mole% concentrations of gas species would indicate 
a leak. Figure 5.3 is a cross-plot of the calculated gas mass from molecular 
concentrations and the actual mass of gas collected from each grain experiment 
(determined by differences in reactor weight).   The calculated mass and 
measured mass are approximately equal.  There is no significant deviation from 
unity on the plot.  If the recovered and calculated masses were significantly 
different, this would indicate a possible sample cylinder leak. 
The GC instrument was checked for blockages in the sample inlet ports, the 
standard references gases were checked for contamination, an internal check on 
calibration using methane and ethane concentrations from both the FID (flame 
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Figure 5.3  Comparison of the calculated gas mass determined by PV=nRT using 
compositional GC data with the actual mass of gas collected and vented at the 




and the raw traces were summed to verify 100% recovery.  These procedures 
indicated that the analytical instrumentation was working correctly.  As a final 
check, several of the collection gas cylinders were re-analyzed to check 
reproducibility of gas analyses.  The gas species concentrations were similar 
between duplicate analyses indicating instrument precision and reliability.  
Therefore, it is unknown why there exists such a disparity in reported C1 and C2 
values between experiments.  Replicate experiments using 2mm-quartz grains, 
2mm-limestone grains, and 2-mm dolomite grains are needed to verify the 
compositional analysis from these experiments. 
Given that direct compositional comparisons may be problematic, it may still 
be possible to discern general trends regarding the differences between the grain 
and oil-only Smackover experiments.  To determine which molecular gas species 
contributed to significant compositional differences between the grain 
experiments, absolute concentrations in mmolesOo of the molecular gas species 
from the grain experiments were plotted relative to concentrations determined 
by hydrothermal and anhydrous experiments without grains.  
Figure 5.4 compares the differences in absolute yield from the hydrothermal 
and hydrothermal 2mm-quartz grain experiments relative to the yield from the 
anhydrous experiment.  The hydrothermal 2mm-quartz experiment generated 
less C1, more C3, C4, and C5 than the yields from the hydrothermal experiment 
with no grains in the reactor.  Similar yields in CO2 were produced from both the 
grain and hydrothermal experiments (Figure 5.4).  The grain experiment 
generated a higher H2S yield relative to the other hydrothermal experiment with 
only oil in the reactor.  As was discussed in Chapters 3 and 4, more CO2 and H2 




























































































Figure 5.4  Gas yields from hydrothermal (no grains) and hydrothermal 2mm-
quartz grain experiments plotted relative to anhydrous gas yield at 380°C.  C1-C5, 
H2, CO2, and H2S gas species are plotted.  Smaller symbols are the hydrothermal 
2mm-quartz grain comparison.  Values for C2 from the hydrothermal and 
hydrothermal 2mm- quartz grain experiments are similar and plot on top of each 
other. Yields plotted in mmolesOo. 
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experiments.  The hydrothermal experiment with 2mm-quartz grains in the 
reactor is no exception to this trend.    
Plots of absolute yields are useful, but in terms of significance, a comparison 
of the difference in absolute yield for each gas component between the two 
hydrothermal experiments is required.  Figure 5.5 depicts the comparison and 
indicates that the major constituents which contribute to the difference in total 
yield between the two experiments are C1 and C3.  Similar total gas yields were 
generated from the hydrothermal grain and hydrothermal experiments, 21.6 and 
21.1 wt.%Oo, respectively (Table 5.4).  This difference is less than the 
experimental standard deviation of 1.0 wt.%Oo determined from replicate 
Smackover hydrothermal experiments. Therefore, while less C1 and more C3 was 
generated from the grain experiment, the total yield between the two 
experiments was virtually the same. 
Figure 5.6 is a comparison of the absolute gas yields from the anhydrous 
2mm-quartz grain and the anhydrous 0.75mm-quartz grain experiments.  Yields 
from both these experiments are plotted relative to the yield from the anhydrous 
experiment in which no grains were present within the reactor.  Significantly less  
C1 was generated from the 0.75mm grain size experiment relative to the 2mm-
quartz grain experiment (Figure 5.6).  Replicate experiments are required before 
the difference in C1 yield can be considered significant.  Slightly more C3 was 
generated from the 0.75-quartz grain experiment relative to the larger grain size.  
Yields of C2 and C5 were similar between the quartz grain experiments.  More 
H2S was produced from the 0.75mm-quartz grain experiment.  However, the H2S 
yield is small (0.06 to 0.20 mmoleOo) from both quartz grain experiments and 
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Figure 5.5  Absolute difference in mmoleOo between similar gas species.  
Comparison between hydrothermal (no grains in reactor) and hydrothermal 
















































































Figure 5.6  Gas yields from anhydrous 2mm-quartz grain and anhydrous 
0.75mm-quartz grain experiments plotted relative to anhydrous gas yield at 
380°C.  C1-C5, H2, CO2, and H2S gas species are plotted.  Smaller symbols are the 
anhydrous 0.75mm-quartz grain comparison.  Values for C2 from both the 
anhydrous grain experiments are similar and plot on top of each other. Yields 
plotted in mmolesOo. 
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in Figure 5.6.   Only a trace amount of CO2 was generated from either quartz 
grain experiment. 
Figure 5.7 depicts the difference in absolute yield between the same 
molecular species for all the anhydrous grain experiments.  This chart will be 
used in subsequent discussions regarding comparisons in gas composition 
generated from the anhydrous grain experiments.  Comparison between the two 
quartz grain experiments indicates that significantly less C1 and slightly more C3 
was generated from the 0.75mm-quartz grain experiment relative to the larger  
grain size. In comparison with the other anhydrous grain experiments, the 
smallest yield of C1 is generated from the 0.75mm-quartz grain experiment.  The 
C1 yield is over 2.0 wt.%Oo less than the yield produced from the 2mm-quartz 
grain experiment (Figure 5.7).  Yields from other molecular gas species are 
similar between the two quartz grain experiments.  The total gas yield generated 
from the 0.75mm-quartz grain experiment is 3.7 wt.%Oo less than the total yield 
generated from the 2mm-quartz grain experiment (Table 5.4).  It is likely that the 
low C1 yield generated from the 0.75mm-quartz experiment may contribute in 
part, to the lower total gas yield relative to the 2mm-quartz grain experiment. 
Figure 5.8 is a comparison of the absolute gas yields from the anhydrous 
2mm-limestone grain and the anhydrous 2mm-dolomite grain experiments.  
Yields from both these experiments are plotted relative to the yield from the 
anhydrous experiment in which no grains were present within the reactor. 
Comparison between the limestone and dolomite anhydrous experiments 
indicates that less C1, more C3 and C4 were generated from the dolomite 
experiment (Figure 5.8). The H2S yields between the carbonate experiments are 
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Figure 5.7  Absolute difference in mmoleOo between similar gas species.  
Comparison between anhydrous (no grains in reactor) and anhydrous 
experiments with quartz, limestone, dolomite, or illitic shale within the reactor. 














































































line indicates equal gas yields f rom 













Figure 5.8  Gas yields from anhydrous 2mm-limestone and anhydrous 2mm-
dolomite grain experiments plotted relative to anhydrous gas yield at 380°C.  C1-
C5, H2, CO2, and H2S gas species are plotted.  Smaller symbols are the anhydrous 
2mm-dolomite grain comparison.  Values for C2 from both the grain experiments 
are similar and plot on top of each other. Yields plotted in mmolesOo. 
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from replicate Smackover experiments.  Nominal amounts of CO2, H2, nC5, and 
iC5 were generated from the carbonate experiments. 
To assess the significance of the yield differences, the absolute yield 
differences were plotted on Figure 5.7 relative to the anhydrous experiment 
without any grains in the reactor. According to the relative differences, 
approximately 1.4 wt.%Oo less C1 was generated from the dolomite experiment.  
However, the dolomite experiment generated slightly more C3 to C5 relative to 
the limestone experiment (Figure 5.7).   The CO2, H2S, and H2 yields  
are similar between the carbonate experiments. According to the total gas yields 
produced from the carbonate experiments, the 2mm-dolomite grain experiment  
generated 18.5 wt.%Oo and the 2mm-limestone experiment generated 16.6 
wt.%/gOo (Table 5.4).  Therefore, taking into account the smaller C1 gas yield 
from the dolomite experiment, the 1.9 wt.%Oo increase in total yield from the 
dolomite experiment relative to the limestone experiment may be due, in part, to 
the contribution of C3 through C5 (Figure 5.7).  It is important to remember that 
the standard deviation in weight percent determined from the oil-only 
experiments is 1.0 wt.%Oo.  While more gas was generated from the dolomite 
experiment, the amount exceeds the standard deviation by only 0.9 wt.%Oo.  As 
was stated previously, replicate limestone and dolomite experiments need to be 
run to ascertain if the reduced C1 yield from the dolomite experiment is 
significant. 
Figure 5.9 is a comparison of the absolute gas yields from the anhydrous 
2mm-illitic shale and the anhydrous 2mm-dehydrated illitic shale experiments.  
Yields from both these experiments are plotted relative to the yield from the 
anhydrous experiment in which no grains were present within the reactor. 
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Figure 5.9  Gas yields from the 2mm-illitic shale and 2mm-dehydrated illitic 
shale experiments plotted relative to anhydrous gas yield at 380°C.  C1-C5, H2, 
CO2, and H2S gas species are plotted.  Smaller symbols are the 2mm-dehydrated 
illitic shale comparison.  Values for H2S are similar from both the illitic shale 
experiments. Yields plotted in mmolesOo. 
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similar. Slightly less C3 through C5 are generated from the dehydrated illitic 
shale experiment (Figure 5.9).  Of the non-hydrocarbon gases, less CO2 and 
slightly more H2 are generated from the dehydrated illitic shale experiment.    
 To assess the significance of the differences between the two experiments, 
the absolute differences in gas yields were plotted on Figure 5.7.  The methane 
yield differences from both experiments were similar, however, there is a 0.19 
mmolesOo increase in C2, and approximately 0.41 mmolesOo increase in C3  from 
the 2mm illitic shale experiment (Figure 5.7). In addition, there is a slight increase 
in CO2 from the 2mm illitic shale experiment.  Combined, this difference between 
the two illitic shale experiments exceeds the ±0.5 mmolesOo average standard 
deviation determined from replicate anhydrous experiments.  This indicates that 
these compositional differences may be significant. 
It is interesting to note the relatively minor increase in CO2 yield (0.06 
mmolesOo) from the illitic shale experiment in which a small amount of steam 
was present. This relative increase is similar to the trend of increased CO2 
generation from hydrothermal experiments.  The total gas yield from the 2mm 
illitic shale experiment is 23.1wt.%Oo, higher than the total gas yield of 19.2 
wt.%/gOo generated from the dehydrated illitic shale experiment.  It is likely 
that the molecular constituents that are contributing to the increase in total gas 
yield from the 2mm illitic shale experiment may be C2 and C3, as well as CO2.  
The wetness parameter ratios for the 380 °C grain experiments are high, 
indicating the recovery of elevated amounts of C2 – C4 gas (Table 5.7). The 
wetness ratio for the hydrothermal 2mm-quartz grain experiment is 0.62 while 
the ratio for the anhydrous 2mm-quartz grain experiment is lower, only 0.46.  
This indicates the gas generated from the hydrothermal quartz experiment 
contains a higher mole percentage of the heavier n-alkane homologs.   
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Higher wetness ratios were also calculated for the illitic shale, 2mm 
dolomite, and 0.75mm quartz experiments.  These ratios confirm the 
compositional trends that were previously examined for the molecular gas  
constituents.  It should be noted that these parameters are used as general trend 
indicators, and are not based upon absolute gas concentrations. 
Conversely, the hydrothermal quartz grain experiment produces a dryness 
parameter of 0.41, higher than the dryness ratios calculated from the illitic shale, 
dolomite, and 0.75mm-quartz grain experiments (Table 5.7).  However, the actual 
differences in dryness ratios are small between these experiments.  The dryness 
parameters calculated from the 2mm-quartz and 2mm-limestone grain 
experiments are similar, and of all the grain experiments, indicate that the gas 
generated from these experiments contains the highest concentrations of C1 
relative to heavier n-alkane homologs (Table 5.7). 
To summarize, there are significant yield differences in molecular gas species 
between the grain experiments.  These differences cannot be attributed to 
analytic error or leaking gas collection cylinders (Figure 5.3). As previously 
established in Chapter 3, more CO2 and H2 are generated from hydrothermal 
experiments relative to anhydrous experiments in which no grains are present 
within the reactor. The hydrothermal experiment using 2mm-quartz grains in the 
reactor also generates more CO2 and H2 relative to the anhydrous 2mm-quartz 
grain experiment. While less C1 and more C3 was generated from the 
hydrothermal 2mm-quartz grain experiment relative to the hydrothermal 
experiment without grains, the total yield between the two experiments was 





Table 5.7     Wetness and dryness parameters of recovered gas from grain  





conditions wetness^ dryness* 
    
HP 3183 hydrothermal – 2mm quartz 0.62 0.41 
    
HP 2887 anhydrous – 2mm quartz 0.46 0.57 
HP 3182 anhydrous – 0.75mm quartz 0.76 0.26 
    
HP 3179 anhydrous – 2mm limestone 0.47 0.56 
HP 3181 anhydrous – 2mm dolomite 0.72 0.31 
    
HP 3180 anhydrous – 2mm illitic shale 0.71 0.32 
HP 3223 anhydrous – 2mm dehyd. illitic 
shale 
0.68 0.36 
    
    
 
^  wetness parameter – C2-C4/C1-C4 













The total gas yield generated from the 0.75mm-quartz grain experiment is 
significantly less (by 3.7 wt.%Oo ) than the total yield generated from the 2mm-
quartz grain experiment (Table 5.4).  The only significant compositional 
difference in the 0.75mm-quartz grain experiment (relative to the larger grain 
size) is the low methane concentration.  It is likely that the low C1 yield 
generated from the smaller quartz grain-size experiment may contribute in part, 
to the low total gas yield.  The decrease in C1 yield from the quartz experiment 
using a smaller grain size requires additional replicate experiments to verify this 
result. 
In contrast, the lower total gas yield produced from the limestone 
experiment relative to the dolomite experiment, may be due in part, to lower 
concentrations of C2, C3, and C4 (Figure 5.7). It may be significant that more CO2 
was generated from the dolomite grain experiment relative to the limestone 
grain experiment. 
 The total gas yield from the 2mm illitic shale experiment is significantly 
higher than the yield produced from the dehydrated illitic shale experiment.  It is 
likely that the molecular constituents that may be contributing to the increase in 
total gas yield from the 2mm illitic shale experiment are C2 and C3, as well as CO2 
(Figure 5.7).  Water incorporated in micropores and lattice structure of the illitic 
shale may facilitate the generation of increased CO2. 
 
     Isotopic results  
 
Isotopic data derived from the grain experiments were compared with the 
anhydrous and hydrothermal experiments (HP 2876 and HP 2877) in which no 
grains were present within the reactor.  This was done to analyze differences in 
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isotopic fractionation with the addition of grains in the reactor during pyrolysis.  
Standard deviations of isotopic data were determined from repeat analyses of a 
single sample.  Depending upon carbon number, standard deviations of 
individual values range from 0.12 – 1.34‰  
Figure 5.10 portrays the δ13C ratio of gas each experiment (anhydrous, 
hydrothermal, hydrothermal 2mm-quartz) versus the inverse of the carbon 
number (C1 = 1, C2 = 0.5, etc.)  This presentation allows distinction between oil 
types, a methodology for determining amount of microbial mixing in the gas, 
and a methodology to predict the original oil source δ13C ratio prior to thermal 
degradation (Chung et. al., 1988).  For comparison, isotopic values from a natural 
associated gas sample from a Gulf of Mexico oil is also shown (Chung, et al., 
1988).   The oil type is unknown.  
Isotopic ratios of gases from the pyrolysis experiments are isotopically 
enriched with 13C as carbon number increases (Figure 5.10).  δ13C ratios of C2 – C3 
produced from the hydrothermal 2mm quartz experiment are depleted in 13C 
relative to the isotopic ratios produced from the hydrothermal and anhydrous 
experiments with no grains in the reactor (Table 5.8).  The δ13C ratio for C1 
generated from the hydrothermal 2mm quartz experiment is virtually identical 
to the C1 isotopic value determined from the anhydrous (no grain) experiment 
(Table 5.8).  However, δ13C ratio for C1 determined from the hydrothermal (HP 
2877) experiment is depleted by over 4.0 ‰ relative to the quartz grain 
experiment (Figure 5.10). 
Isotopic values reported from the associated gas sample of a GOM oil are 
remarkably similar to those generated from both the hydrothermal quartz grain 
and HP 2876 and HP 2877 experiments, with the exception of the C1 and C5 δ13C 
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Figure 5.10  Methane, ethane, propane, butane and pentane δ13C isotopic values 
for the hydrothermal 2mm quartz grain experiment using Smackover oil.  For 
comparison, δ13C ratios from the hydrothermal and anhydrous (no grains) 
experiments are included.  Natural gas sample associated with GOM oil included 
for comparison.  Oil type unknown.  Modified after Chung et al., 1988. 
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in 13C between 7.0 and 11.0 ‰ relative to the values determined experimentally 
(Figure 5.10).  This difference in C1 may be attributed to increased fractionation 
due to migration processes or the influence of microbial gas in the associated 
natural gas sample.  The isotopic value for C5 determined from the grain 
experiment is slightly enriched in 13C relative to the natural gas C5 value.  Due to 
insufficient sample, comparison of the C4 and C5 isotopic values determined 
from the hydrothermal and anhydrous experiments without grains in the reactor 
relative to the grain experiment and associated gas sample is not possible (Table 
5.8).  
Isotopic values determined from the anhydrous 2mm and 0.75mm-quartz 
grain experiments show a similar pattern of 13C enrichment with increasing 
carbon number as seen in the hydrothermal 2mm-quartz grain experiment 
(Figure 5.11).  Similar to the results from the hydrothermal quartz grain 
experiment, δ13C of C1 for the anhydrous quartz grain experiments are virtually 
identical to C1 values generated from the anhydrous (no grains-HP 2876)  
experiment (Table 5.8).  Ethane and propane δ13C ratios from the anhydrous 
2mm-quartz grain experiment are slightly depleted in 13C by 1.0 to 3.0‰ relative 
to the anhydrous and hydrothermal experiments with no grains in the reactor.  
Only the gas generated from the anhydrous 0.75mm-quartz grain experiment 
provided sufficient sample for C4 and C5 δ13C ratios.  
Isotopic results from the 0.75mm-quartz grain experiment indicate an 
increase in 13C enrichment of C4 which changes the slope of 13C enrichment 
determined from C1, C2, and C3.  The isotopic δ13C  ratio for C5 is slightly 
enriched in 13C relative to the reported C5 value from the associated natural gas 




Table 5.8     Carbon isotopic ratios of generated gas 
 
 
gas species1 380°C 
HP 2876 - anhydrous 
per mil (‰) 
difference 
380°C 
HP 2877 - hydrothermal 
per mil (‰) 
difference 
     
δ13C methane -41.74  -46.07  
δ13C ethane -31.08 -10.66 -29.63 -16.44 
δ13C propane -28.31 -2.77 -27.25^ -2.38 
δ13C n-butane insufficient  insufficient  
δ13C n-pentane insufficient  insufficient  
 HP 2887 – 2mm quartz 
anhydrous 
 HP 3183 – 2mm quartz 
hydrothermal 
 
δ13C methane -41.80  -42.00  
δ13C ethane -31.98 -9.82 -33.20 -8.80 
δ13C propane -28.77 -3.21 -29.30 -3.90 
δ13C n-butane insufficient  -25.80 -3.50 
δ13C n-pentane insufficient  -22.92 -2.88 
 HP 3182 – 0.75mm quartz 
anhydrous 
 no hydrothermal 0.75mm 
quartz grain comparison 
 
δ13C methane -40.90    
δ13C ethane -32.80 -8.10   
δ13C propane -29.92 -2.88   
δ13C n-butane -26.43 -3.49   
δ13C n-pentane -23.44 -2.99   
 HP 3179 – 2mm limestone 
anhydrous 
 HP 3181 – 2mm dolomite 
anhydrous  
 
δ13C methane -44.27  -42.50  
δ13C ethane -35.61 -8.66 -33.13 -9.37 
δ13C propane -32.88 -2.73 -29.75 -3.38 
δ13C n-butane insufficient  -25.80 -3.95 
δ13C n-pentane insufficient  -22.72 -3.08 
 HP 3180 – 2mm illitic 
shale 
anhydrous 
 HP 3223 – 2mm  
dehydrated illitic shale 
anhydrous 
 
δ13C methane -42.22  -41.60  
δ13C ethane -33.73 -8.49 -33.21 -8.39 
δ13C propane -29.80 -3.93 -29.25 -3.96 
δ13C n-butane -25.30 -4.50 -25.44 -3.81 
δ13C n-pentane -22.61 -2.69 -22.62 -2.82 
     
     
^ - due to higher than normal standard deviation of repeat values and small sample, value is  
considered less accurate 
1 – based upon repeat analyses, standard deviations for grain and non-grain experiments range 
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Figure 5.11  Methane, ethane, propane, butane and pentane δ13C isotopic values 
for the anhydrous 2mm quartz and 0.75mm-quartz grain experiments using 
Smackover oil.  For comparison, δ13C ratios from the hydrothermal and 
anhydrous (no grains) experiments are included.  Natural gas sample associated 
with GOM oil included for comparison.  Oil type unknown.  Modified after 
Chung et al., 1988. 
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In general, the isotopic values reported from the associated natural gas 
sample are similar to the values derived from the experiments, with the 
exception of the isotopic value for methane. As was discussed previously, it is 
possible that migration fractionation or inclusion of microbial methane may 
account for the isotopic difference between the natural gas sample and the values 
reported from the pyrolysis experiments.  
δ13C ratios of gases generated from the anhydrous illitic shale experiments 
also show 13C enrichment with increasing carbon number (Figure 5.12).  Isotopic 
values determined from the illitic shale and dehydrated illitic shale experiments 
are virtually identical (Table 5.8).  The C1 δ13C ratios determined from the illitic 
shale experiments are similar to the anhydrous (no grains) and to the quartz 
grain experiments (Figures 5.11 and 5.12).  The pattern of increased fractionation 
between C3 and C4 is present in both illitic shale experiments and mirrors a 
similar pattern generated from the quartz grain experiments (Figures 5.11 and 
5.12).  As was the case in the quartz grain experiments, isotopic values 
determined for C5 from the illitic shale experiments are enriched in 13C by 2.0 to 
3.0 ‰ relative to the reported C5 isotopic value from the natural gas sample.  In 
addition, as previously discussed, the C1 δ13C ratios from the illitic shale 
experiments are significantly enriched in 13C relative to the reported C1 isotopic 
value from the natural gas sample (Figure 5.12). 
Isotopic δ13C ratios generated from the anhydrous carbonate experiments 
also show 13C enrichment with increasing carbon number (Figure 5.13).  
However, while the isotopic fractionation pattern produced from the dolomite 
grain experiment is similar to patterns produced from the anhydrous quartz 
grain and illitic shale experiments, δ13C ratios determined for C1, C2, and C3 from 
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Figure 5.12  Methane, ethane, propane, butane and pentane δ13C isotopic values 
for the anhydrous 2mm illitic shale and dehydrated illitic shale grain 
experiments using Smackover oil.  For comparison, δ13C ratios from the 
hydrothermal and anhydrous (no grains) experiments are included.  Natural gas 
sample associated with GOM oil included for comparison.  Oil type unknown.  
Modified after Chung et al., 1988. 
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Figure 5.13  Methane, ethane, propane, butane and pentane δ13C isotopic values 
for the anhydrous carbonate grain experiments using Smackover oil.  For 
comparison, δ13C ratios from the hydrothermal and anhydrous (no grains) 
experiments are included.  Natural gas sample associated with GOM oil included 
for comparison.  Oil type unknown.  Modified after Chung et al., 1988. 
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experiments (Table 5.8).  Figure 5.14 shows the δ13C ratios determined from all 
the grain experiments and illustrates the isotopic δ13C depletion generated from 
the limestone grain experiment. The C1 δ13C ratio determined from the limestone 
grain experiment is -44.27 ‰, the lowest C1 isotopic value produced from all the 
grain experiments.  The δ13C ratios for C2 and C3 are also lower.  This 13C 
depletion relative to the other grain experiments may indicate the inclusion of a 
carbon source other than carbon derived from the cracking homologous alkane 
precursors. 
In summary, isotopic results from all the grain experiments indicate 
progressive 13C enrichment with increasing carbon number (Figure 5.14).  This 
pattern is similar to the isotopic results from the pyrolysis experiments with no 
grains in the reactor (Figures 5.11, 5.12 and 5.13).  Standard deviation of isotopic 
results determined from both the hydrothermal and anhydrous grain 
experiments ranges between 0.12 and 1.34 ‰ depending upon the carbon 
number.  Therefore, δ13C ratios of C1 – C5 determined from the grain experiments 
are remarkably similar with the exception of δ13C ratios generated from the 
limestone grain experiment (Figure 5.14). This relative 13C depletion may 
indicate the influence of an additional carbon source, perhaps involving CaCO3.   
Except for the reported C1 δ13C ratio from the associated natural gas sample 
from an unknown GOM oil source, C2 – C5 δ13C ratios are similar to the 
experimentally-derived C2 – C5 isotopic results.  The C1 value reported for the 
natural gas sample may include microbial or migration fractionation isotopic 
influences (Claypool and Mancini, 1989). 
Comparison of the isotopic results from the grain experiments with results 
generated from the hydrothermal and anhydrous experiments without grains in 
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Figure 5.14  Comparison of the methane, ethane, propane, butane and pentane 
δ13C isotopic values for all the grain experiments using Smackover oil.  Modified 
after Chung et al., 1988. 
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number (Figures 5.10, 5.11, 5.12, and 5.13).  However, the δ13C ratio determined 
for C1 from the hydrothermal experiment (HP 2877-without grains) is typically 
3.0 to 4.0 ‰ depleted in 13C while the C2 and C3 ratios are enriched in 13C by 1.5 
to 3.3 ‰ relative to isotopic results from all the grain experiments (Table 5.8). 
This difference between the hydrothermal (no grains) and the grain experiments 
is significant.  Replicate experiments would be needed to substantiate this trend.  
Isotopic differences between the anhydrous (no grains) and grain experiments 
(with the exception of the carbonate experiments) are more subtle, particularly 
the comparison of C1 and C3 isotopic results (Table 5.8).   
There is no direct correlation between the amount of C1, C2 or C3 
fractionation and total gas yield.  The largest total gas yield reported from all the 
pyrolysis experiments was generated from the 2mm-illitic shale experiment 
(Table 5.4).   The C1-C5 isotopic ratios determined from this experiment are 
similar to those generated from other grain experiments (with the exception of 
the 2-mm limestone grain experiment) and the anhydrous oil-only experiment 
(Figure 5.14).  Therefore, there is no clear trend of an increase in isotopic 






Analysis of char generated from the grain experiments requires a 
comparison of the total char yield produced from each experiment, an analysis of 
variation in elemental composition, visual comparison of char coating on grains 
using photomicrographs and finally, a comparison of the δ13C results from each 
experiment.  A comparison between generated gas and char results is also 
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necessary in analyzing specific differences between grain experiments and their 
comparison to pyrolysis results with no grains in the reactor. 
 
     Total char yield  
 
 
Total char yields for the hydrothermal and anhydrous grain experiments 
were determined using differences in reactor body mass before and after 
cleaning. The difference in grain mass before and after the experiment allows the 
determination of the mass of char coating the rock grains.  This mass is added to 
the reactor body char, filter char, and head char to determine total char yields.  
The anhydrous grain experiments using quartz, limestone, dolomite and 
dehydrated illitic shale generated 13.3 to 14.5 wt.%Oo total char (Table 5.4).  
These yields are similar to yields determined by the anhydrous experiments 
without grains in the reactor.  However, the char yield determined from the 
anhydrous illitic shale experiment is only 11.3 wt.%Oo, equivalent to the char 
yield produced by the hydrothermal quartz grain experiment and the 
hydrothermal experiment without grains in the reactor. The hydrothermal grain 
experiment generates a significantly lower char yield relative to the anhydrous 
grain experiments (Figure 5.15). 
 Figure 5.15 indicates that the char yield generated from the illitic shale 
experiment is on trend with yields produced from the hydrothermal 
experiments, both with and without grains.  It is important to note that over one 
gram of water was recovered from the illitic shale experiment, with two – three 
grams likely produced from the shale based on the oven-drying experiment 
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Figure 5.15  Plot showing changes in recovered oil as a function of char yield.  
Comparison of all grain experiments with hydrothermal and anhydrous 
experiments with no grains in the reactor.  All experiments are at 380 °C. 
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Char yields from the anhydrous grain experiments group with the yields 
produced from experiments in which no grains were present in the reactor.  
However, the yield generated from the dehydrated illitic shale experiment is 
shifted slightly off trend in the direction of the hydrothermal experiments.  This 
shift may represent the removal in the oven of relict interstitial pore water from 
the dehydrated illitic shale.   
The char yield from the anhydrous 0.75mm quartz grain experiment is 13.3 
wt.%Oo, slightly less than yields from other anhydrous and anhydrous quartz 
grain experiments (Table 5.4).  However, the coincident amount of recovered oil 
is anomalously high relative to the other grain experiments (Figure 5.15).  This is 
due, in part, to the combined gas and char yields from this particular experiment.  
The lowest gas yield generated from all the grain and oil-only experiments 
occurred from the 0.75mm quartz grain experiment (Figure 5.2).  Therefore, as 
the combination of gas and char generated from the oil was less than the total 
yields from all other experiments, more of the oil (in wt.%Oo) was available for 
recovery. 
Conversely, the lowest amount of recovered oil was measured from the illitic 
shale experiment (Figure 5.15).  While the amount of generated char was similar 
to other hydrothermal experiments, the gas yield from this experiment was 23.1 
wt.%Oo, the highest gas yield from all grain and oil-only experiments (Table 
5.4). Therefore, the lowest amount of recovered oil was measured from this 
experiment relative to all other hydrothermal and anhydrous experiments.  The 
amount of recovered oil is primarily determined by the combined yield of 
generated gas and char. Oil recovery is also affected by experimental protocol 
differences between hydrothermal and anhydrous oil recovery procedures as 
discussed in Chapter 2. 
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    Elemental composition 
 
 
Elemental analyses of char recovered from the grain experiments were 
compared with results from the anhydrous and hydrothermal experiments using 
Smackover oil pyrolyzed at 380 °C.  Tables 5.9a, 5.9b, and 5.9c list the recovered 
carbon (C), hydrogen (H), nitrogen (N), oxygen (O), and sulfur (S) in normalized 
weight percent, the original unknown residual from each analysis, and the 
calculated mole fractions H/(H+C), O/(O+C), N/(N+C), and S/(S+C).  The 
elemental data are normalized to 100% excluding the unanalyzed residual 
percentage.  The unanalyzed residual fraction comprises elements not identified 
as C, H, N, O, or S.  The atomic ratio is reported in mole fraction relative to 
carbon.  The normalized values in weight percent were divided by the 
corresponding elemental atomic weight to determine the number of moles 
recovered. 
Precision of the Carlo Erba 2500 EA instrument is approximately 1% of 
reported C, H, N, O, and S values in weight percent.  Based on the resultant char 
values determined from this instrument, the standard deviation of the calculated 
mole fractions is ± 0.004 (Tables 5.9a, b, c).  These sensitivity parameters were 
used to assess the significance of the values reported from elemental analysis of 
the chars.  For the grain experiments, samples of filter char, wall char, and 
thermal well char (if present) were collected for analysis.  These results were 
compared with the normalized results from the grain char.   Figures 5.16, 5.17, 
and 5.18 are photomicrographs of the rock grains used in the experiments before 




































This is referred to as grain char.  Typically, between 85 and 95% of the char 
recovered from these experiments was grain char. 
Figure 5.16 are photomicrographs of the quartz sand used in both the 
anhydrous and hydrothermal grain experiments.  The photomicrographs show 
both euhedral and recrystallized quartz grains with mica and feldspar present.  
This is consistent with the quantitative XRD results in which approximately 18% 
feldspar and 1% mica are present among the quartz grains in the Unimix 
industrial quartz used for the experiments (Table 5.1).  As seen in the before and 
after comparisons, thin char rims are present on the grains after anhydrous 
pyrolysis but only patchy char is present on the grain rims after hydrothermal 
pyrolysis (Figure 5.16).  The photographs of patchy char development from the 
hydrothermal experiment substantiate the lower total char yield (11.3 wt.%Oo) 
generated from this experiment relative to yields generated from other 
anhydrous quartz grain experiments.  The total char yield generated from the 
illitic shale experiment is identical to the yield produced from the hydrothermal 
quartz grain experiment (Table 5.4). 
Figure 5.17 is the before and after pyrolysis comparisons of the dolomite and 
limestone grains used in the experiments.  Thin, fairly continuous char rims were 
developed around both the dolomite and calcite grains.  In contrast, char 
development using illitic shale occurs only in very thin, patchy rims along some 
of the grains, but is also developed within micopores of the grain itself (Figure.  
5.18). In Figure 5.18b, char development within the micropores obscures quartz 
lineations within the grains  
Concentrated HCl was used to dissolve the limestone and dolomite grains to 
recover the grain char for elemental analysis.  However, to insure representative 
char composition from the quartz and illitic shale experiments, these samples 
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were not subjected to HF (hydrofluoric acid) treatments to remove silicate from 
the samples. The selected samples consisting of char-coated quartz and illitic 
shale grains were pulverized for elemental analysis.  The presence of the 
pulverized grains in the sample causes dilution of the char composition (C, H, N, 
O, S) relative to the unanalyzed elements present within the grains for the quartz 
and illitic shale experiments.  Between 80.93 and 94.57% of the sample used for 
elemental analysis of recovered char for the quartz and illitic shale experiments is 
unanalyzed (Tables 5.9a, b, c). The portion that was analyzed for C, H, N, O, and 
S was normalized and compared to the char composition recovered from the 
wall, filter, or thermal well of the reactor in which no grains were present in the 
pulverized sample. Compositions determined from grain char were very similar 
in composition to char recovered in the reactor for the quartz, limestone, and 
dolomite experiments.  However, the compositional results between the wall and 
grain char from the illitic shale experiments differ by 3.0 and 4.5 wt.%Oo for 
carbon, approximately 1.0 wt.%Oo for hydrogen, and between 2.0 and 3.0 wt.%Oo 
for oxygen (Table 5.9b).  These differences may be due to actual compositional 
variation of char within the reactor, an artifact of grain dilution for the char 
compositional results, or a combination of both. 
Carbon comprises the bulk of the recovered char with residual amounts of 
hydrogen and sulfur, and almost negligible amounts of nitrogen.  Oxygen 
amounts are variable and range between 0.41 and 3.20 wt.%Oo. With the 
exception of the oxygen content, the reported mole fractions for carbon, sulfur, 
and nitrogen are similar to the mole fractions reported for the experiments in 
which no grains were used in the reactor (Tables 5.9a, b, and c). 
A comparison between the hydrothermal, anhydrous, and hydrothermal 























































Figure 5.19  Mole fractions for hydrothermal, anhydrous, and hydrothermal 
2mm-quartz grain experiments at 380°C.  H/(H+C) mole fractions plotted using 
scale on left, S/(S+C), O/(O+C), and N/(N+C) mole fractions plotted using scale 




N/(N+C)  fractions are virtually identical among all three experiments.  The 
S/(S+C) and O/(O+C) mole fractions determined from the hydrothermal grain 
experiment are slightly elevated relative to the experiments without grains in the  
reactor.  However, these differences are not significant since they are within the 
±0.004 standard deviation determined from instrument precision.   
The comparison of the anhydrous and anhydrous quartz experiments is 
depicted in Figure 5.20.  The H/(H+C) mole fractions range from 0.372 for the 
2mm-quartz grain experiment to 0.389 measured from the 0.75mm-quartz grain 
experiments (Table 5.9a).  The char generated from the 0.75mm-quartz grain 
experiment contains more hydrogen than the char produced from the 2mm-
quartz grain experiment.  However, the H/(H+C) mole fractions from the quartz 
grain experiments bracket the value of 0.379 produced from the anhydrous 
experiment in which no grains were present in the reactor (Figure 5.20).  It is 
unclear whether the elevated hydrogen content in the char produced from the 
0.75mm-quartz grain experiment signifies a trend of increased hydrogen with 
smaller grain size.  The S/(S+C) mole fraction of 0.014 determined from the 
anhydrous experiment sequentially increases to 0.016 from the anhydrous 2mm-
quartz grain experiment and finally, to 0.018 from the 0.75mm-quartz grain 
experiment (Figure 5.20).  However, this trend cannot be considered significant 
because it is within ±0.004, the standard deviation determined from instrument 
precision.  This reasoning applies as well to the O/(O+C) and N/(N+C) mole 
fraction comparison between the anhydrous and anhydrous quartz grain 
experiments. 
Comparison of the elemental mole fractions determined from the carbonate 























































Figure 5.20  Mole fractions for anhydrous, anhydrous 2mm-quartz and 
anhydrous 0.75mm-quartz grain experiments at 380°C.  H/(H+C) mole fractions 
plotted using scale on left, S/(S+C), O/(O+C), and N/(N+C) mole fractions 
plotted using scale on right.  All values were calculated using weighted averages 
determined from recovered char. 
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O/(O+C) values (Figure 5.21).  While the H/(H+C) fractions determined from 
the dolomite and limestone experiments are similar, these results have decreased 
by over 0.019 relative to the mole fraction determined from the anhydrous 
experiment without grains in the reactor (Tables 5.9a and 5.9b).  However, the 
decreased hydrogen and carbon content reported in the char generated from 
the carbonate experiments are skewed by the values reported from the grain 
char.  The carbon weight percent value reported from the thermal well char for 
both the limestone and dolomite experiments are within 1.0 wt.% of the 
weighted average reported for carbon recovered from the anhydrous experiment 
without grains.  It is unclear whether the decrease in H/(H+C) determined from 
the carbonate experiments is significant.  However, it is clear that the increase in 
O/(O+C) determined from char recovered from the limestone and dolomite 
experiments is significant (Figure 5.21).  Grain char recovered from the carbonate 
experiments contains between 3.5 to 4.0 times more oxygen than char collected 
from the anhydrous experiment without grains in the reactor (Tables 5.9a and 
5.9b).  As was the case in the previous grain experiments, there are no significant 
differences in S/(S+C) and N/(N+C) between the carbonate grain experiments 
and the anhydrous experiment.  
The H/(H+C) and O/(O+C) mole fractions determined from the illitic shale 
experiments are significantly elevated relative to the anhydrous experiment 
(Figure 5.22).  The carbon and hydrogen content of the grain char determines the 
relative increase in H/(H+C).  Wall char recovered from the illitic shale 
experiments contain carbon and hydrogen values similar to those recovered from 
the anhydrous experiment without grains in the reactor (Tables 5.9a and 5.9b).  
Therefore, it is unclear whether this apparent increase is a normalization artifact 























































Figure 5.21  Mole fractions for anhydrous, anhydrous 2mm-dolomite and 
anhydrous 2mm-limestone grain experiments at 380°C.  H/(H+C) mole fractions 
plotted using scale on left, S/(S+C), O/(O+C), and N/(N+C) mole fractions 
plotted using scale on right.  All values were calculated using weighted averages 




















































Figure 5.22  Mole fractions for anhydrous, 2mm-illitic shale and 2mm-
dehydrated illitic shale grain experiments at 380°C.  H/(H+C) mole fractions 
plotted using scale on left, S/(S+C), O/(O+C), and N/(N+C) mole fractions 
plotted using scale on right.  All values were calculated using weighted averages 
determined from recovered char. 
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incorporation of C and H in the char coating the illitic shale grains. The 
significantly elevated O/(O+C) mole fraction in the illitic shale experiments is 
the result of increased oxygen content in both the grain and wall char.  Therefore, 
there exists a significant difference in oxygen content between the illitic shale 
experiments and the anhydrous experiment (Figure 5.22).  Differences in S/(S+C) 
and N/(N+C) are not significant. 
In summary, elemental C, H, N, O, and S values determined from grain char 
were normalized and compared with char recovered from the wall, filter, and 
thermal well of the reactors.  There are no significant differences in nitrogen and 
sulfur contents in the recovered char between experiments with grains or 
without grains in the reactors.  However, oxygen content in char recovered from 
the dolomite, limestone, and illitic shale experiments is significantly higher 
relative to the experiments without grains in the reactor.  This may be the result 
of an increase in decarboxylation reactions in which more oxygen is available to 
be incorporated into the char or conversely, because less oxygen is consumed 
during cracking and the polymerization of heteroatoms forms char 
withincreased oxygen content.  Slightly elevated amounts of CO2 were generated 
from the limestone, dolomite, and illitic shale experiments relative to the non-
grain anhydrous experiment (Table 5.6b).  It is unclear whether differences in 
H/(H+C) are significant or an artifact of the normalization of grain char (which 
include a large unanalyzed residual) elemental composition in the quartz and 
illitic shale experiments.  Care must be taken in utilizing the elemental data since 
other elements than C (carbon), H (hydrogen), N (nitrogen), O (oxygen), and S 
(sulfur) are present 
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    Isotopic results 
 
 
Chars collected from different positions within the reactor and as grain 
coatings were analyzed for δ13C values from anhydrous, hydrothermal and grain 
experiments at 380 °C.  These values along with the calculated weighted average 
are listed in Tables 5.10a and 5.10b. A weighted average from each experiment 
was calculated by determining the amount of char recovered from each position.  
The relative proportionality was assigned to each δ13C value and then summed 
to determine the weighted average.  This proportionality is also listed in the 
tables.  Instrument sensitivity for the char analyses using the MicroMass Optima 
mass spectrometer was determined to be ± 0.30 ‰.   
Figure 5.23 illustrates how the 13C isotopic values analyzed from char 
generated in the grain experiments compare to results from the hydrothermal 
and anhydrous experiments at 380 °C.  The isotopic ratios are plotted as a 
function of the total char yield generated from the experiments. A narrow range 
of δ13C values was determined from the grain experiments, including the 
hydrothermal and anhydrous experiments without grains in the reactor (Figure 
5.23).  δ13C weighted averages range between -24.31‰ and -24.56‰ for all the 
experiments listed in Tables 5.10a and 5.10b.  There is a total δ13C difference of 
only 0.25‰. The total difference is within ± 0.30 ‰, the instrument sensitivity of 
the mass spectrometer.  Therefore, δ13C variation between the grain experiments, 
as well as isotopic trends based on the comparison of recovered char from the 
grain experiments and experiments without grains in the reactor is not 
significant.  The similarity of the 13C values in both char recovered from the 




Table 5.10a     Carbon isotopic values for recovered char from grain   








mass fraction  
    
Anhydrous Experiments    
HP-2876 anhydrous    
wall char  -24.08 0.279 
bottom char  -24.41 0.450 
filter char  -24.01 0.010 
head char  -24.39 0.261 
weighted average^  -24.31  
    
HP 2887  2mm quartz    
filter char  -24.34 0.060 
wall char  -24.48 0.100 
grain char  -24.43 0.840 
weighted average^  -24.42  
    
HP 3182 0.75mm quartz    
wall char  -24.47 0.075 
grain char  -24.37 0.925 
weighted average^  -24.38  
    
HP 3179 2mm limestone    
thermal well char  -24.58 0.020 
filter char  -24.58 0.064 
grain char  -24.51 0.916 
weighted average^  -24.51  
    
HP 3181 2mm dolomite    
thermal well char  -24.67 0.015 
grain char  -24.56 0.985 
weighted average^  -24.56  
    
HP 3180 2mm illitic shale    
wall char  -24.20 0.072 
grain char  -24.35 0.928 
weighted average^  -24.34  
    
    
    
 ^  weighted average determined from mass fraction 
358 
 
 Table 5.10b     Carbon isotopic values for recovered char from grain   
      experiments 







mass fraction  
    
Anhydrous Experiments    
HP-3223 dehydrated illitic shale    
wall char  -24.36 0.068 
grain char  -24.40 0.932 
weighted average^  -24.39  
    
    
Hydrothermal Experiments    
HP-2877 hydrothermal    
wall char  -24.21 0.543 
bottom char  -24.58 0.426 
filter char  -24.47 0.031 
weighted average^  -24.38  
    
HP 3183 2mm quartz    
composite char  -24.31 0.087 
grain char  -24.43 0.913 
weighted average^  -24.41  
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Figure 5.23  Variation in δ13C in chars recovered from the grain experiments.  For 
comparison, the isotopic values from the hydrothermal and anhydrous 






Analysis of the thermally degraded, recovered oil from the anhydrous, 
hydrothermal, and grain experiments provides crucial linkage between 
hydrocarbon products generated during the experiments, and hydrocarbons in 
the original oil that have degraded to form the generated products.  Comparison 
of the bulk properties of the recovered oil, the resultant saturate, aromatic, resin, 
and asphaltene fractions, and relative intensities of saturate and aromatic 
compounds determined from the gas chromatographs provide information 
regarding which compounds have preferentially degraded to form gas and char  
from the pyrolysis experiments. In addition, analysis of diamondoids within the 
recovered oil may provide an additional method to calculate the amount of 
conversion, i.e. ‘cracking’ that the natural oil has undergone during both 
hydrothermal and anhydrous pyrolysis. 
 
      
    Total recovered oil 
 
 
The total amount of recovered oil from the hydrothermal, anhydrous and 
grain experiments was determined by reactor mass differences before and after 
decanting the oil, and water if present, from the reactor body.   The mass of 
grains before and after a series of benzene rinses was noted. Difference in the 
recorded mass determined the amount of oil film coating the grains at the end of 
the experiment.  This mass was added to the mass of decanted, recovered oil for 
total oil recovery.  Calculation of weight percent of the recovered oil is relative to 
the mass of original oil (Oo) loaded into the reactor prior to the experiment. 
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Table 5.4 lists the mass of original oil used in the 380°C grain experiments as 
well as the weight percent (Oo) of oil recovered after completion of experiment.  
Oil recoveries range from 71.7 wt. %Oo for the 0.75mm-quartz sand experiment 
to 64.8 wt.%Oo for the 2mm-illitic shale anhydrous experiment (Table 5.4).  
Recovered oil from the hydrothermal 2mm-quartz sand experiment is 66.6 
wt.%Oo, similar to the oil recoveries from the hydrothermal experiments without 
grains in the reactor.  Figure 5.24 indicates that the lowest recovered oil yield is 
from the anhydrous 2mm-illitic shale experiment with the highest recovered oil 
yield from the anhydrous 0.75mm-quartz grain experiment.  Higher oil 
recoveries correspond to lower total yields generated from the anhydrous grain 
experiments.  The anhydrous (no grains in reactor) and anhydrous 2mm-illitic 
shale generated the highest total yields of gas and char with the corresponding 
lowest amounts of recovered oil.   
Figure 5.24 also indicates that the highest gas yields were generated from the 
hydrothermal (no grains in reactor), hydrothermal 2mm-quartz grain 
experiment, and the 2mm-illitic shale experiment.  With the exception of the 
anhydrous (no grains in reactor) experiment, the lowest amount of recovered oil 
was collected from the hydrothermal 2mm-quartz grain and anhydrous 2mm-
illitic shale experiments.  Based upon previous experiments discussed in 
Chapters 3 and 4, oil recoveries from the hydrothermal experiments correspond 
to increased gas generation which result in lower oil recoveries.  It is important 
to remember that water was generated from the anhydrous 2mm-illitic shale 
experiment.  This experiment generated the highest gas yield and consequently, 
the lowest amount of recovered oil was collected from this experiment.  Results 
from the 2mm-illitic shale experiment are following the same trends established 
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Figure 5.24  Comparison of total yields (gas +char) and gas yields relative to 
recovered oil from grain and non-grain experiments using Smackover oil.  Total 
yields plotted using left axis and gas yields plotted using right axis.  All yields 
reported in weight percent of original oil used in the experiment. 
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Figure 5.24 indicates that of the anhydrous experiments, the 0.75mm-quartz 
grain experiment generated the lowest total gas and char yield which resulted in 
the largest amount of oil recovered from all the anhydrous experiments.  Total 
yield from the anhydrous (no grains in reactor) experiment is higher than any of 
the grain experiments with the exception of the 2mm-illitic shale experiment.   
 
 
    Physical properties of recovered oil from the grain experiments 
 
 
Oil recovered from pyrolysis experiments at 380 °C from hydrothermal, 
anhydrous and grain experiments was analyzed to measure the API gravity, 
weight percent sulfur,  weight percentage of C15+ recovered, and the 
saturate/aromatic ratio.  These parameters define the basic physical changes of 
the oil as it is thermally degraded in pyrolysis experiments.  The saturate to 
aromatic ratio is defined as the saturate fraction of the oil divided by the 
aromatic fraction.  This is a bulk physical parameter used to track aromatization 
of the oil with increasing thermal maturity.   
Table 5.11 lists the API gravity of the original Smackover oil used in the 
experiments along with the Smackover pyrolysate from the anhydrous, 
hydrothermal and grain experiments.  The API gravities of recovered oil from 
the hydrothermal (HP 2877) and hydrothermal 2mm-quartz grain (HP 3183) 
experiments are almost identical, 36.25 and 35.95 API, respectively.  These 
gravities are lower than all the anhydrous and anhydrous grain experiments 
(Table 5.11).  Interestingly, the API gravity determined for the oil recovered from 
the 2mm-illitic shale experiment is just slightly higher by approximately 2.0 °API 
relative to the hydrothermal experiments (API derived from anhydrous  
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Table 5.11     Bulk properties of oil from anhydrous, hydrothermal,  
             and grain experiments at 380°C 
 
 










     
Smackover oil* 33.40 1.70 68.7 1.33 
     
HP 2876     
   anhydrous 41.38 1.61 25.0 0.15 
HP 2877     
   hydrothermal 36.25 1.70 34.1 0.13 
HP 2887     
   2mm quartz grains 40.40 1.54 26.5 0.25 
HP 3179     
   2mm limestone 39.64 1.46 26.8 0.19 
HP 3180     
   2mm illitic shale 37.96 1.69 28.1 0.15 
HP 3181     
   2mm dolomite 42.24 1.58 25.1 0.18 
HP 3182     
   0.75mm quartz grains 42.53 1.51 26.6 0.28 
HP 3183     
   hydrothermal-2mm quartz 35.95 1.47 32.0 0.31 
HP 3223     
   dehydrated-2mm illitic shale 45.93 1.28 30.9 0.36 
     
     
 
*  Smackover oil recovered from Sugar Ridge field  
^  C15+ hydrocarbon recovery as a percentage of whole oil sample, includes saturate, aromatic 
    resin, and asphaltene fractions 









experiments are higher than the hydrothermal experiments by at least 3.4 °API).  
As discussed previously in this chapter, this experiment recovered water derived 
from micropores within the shale and therefore, the gravity may reflect the fact 
that oil-cracking processes from this experiment may have a closer affinity to the 
hydrothermal experiments than the anhydrous experiments. 
API gravities from the anhydrous grain experiments range from 39.64 to 
42.53°API, with the exception of the API value determined from the dehydrated 
2mm-illitic shale experiment.  These gravities bracket the value of 41.38 
determined from the anhydrous experiment without grains in the reactor (Table 
5.11).  Oil recovered from the dehydrated 2mm-illitic shale experiment produced 
an API gravity of 45.93, the highest of all grain and non-grain experiments using 
Smackover oil.  
Figures 5.25 to 5.27 compare API gravity values with sulfur wt.%, C15+ wt.%, 
and saturate/aromatic ratios from the anhydrous, hydrothermal, and grain 
experiments. These are plotted with natural Smackover oil data from the 
Mississippi Interior Salt basin in Alabama (Claypool and Mancini, 1989).  Several 
of the natural oils from the dataset plot in the condensate range, but most range 
between 33.0 and 43.0 °API (Figure 5.26).  The original Smackover oil used in the 
experiments (Morris 28.2 Unit, Sugar Ridge field) is identical to the API gravity 
listed as representative of the Sugar Ridge field (33.40 °API) from the natural 
dataset (Claypool and Mancini, 1989). 
A cross-plot of sulfur wt.% and API gravities of recovered oils from the grain 
experiments indicate that values determined from these experiments group 
within the same range as results from natural oils (Figure 5.25).  Sulfur 
percentages from both the anhydrous and hydrothermal grain experiments, 
while lower than the original Smackover oil, do not show any significant 
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Figure 5.25  Crossplot of °API gravity and weight percent sulfur in oils from 
grain experiments at 380°C.  Results are plotted with bulk property data of 
natural oils from the Mississippi Interior Salt Basin, Alabama.  Natural samples 
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Figure 5.26  Crossplot of °API gravity and weight percent of C15+ in oils from 
grain experiments at 380°C.  Results are plotted with bulk property data of 
natural oils from the Mississippi Interior Salt Basin, Alabama.  Natural samples 
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Figure 5.27  Crossplot of °API gravity and saturate/aromatic ratio in oils from 
grain experiments at 380°C.  Results are plotted with bulk property data of 
natural oils from the Mississippi Interior Salt Basin, Alabama.  Natural samples 
include oils and condensates.  Modified from Claypool and Mancini, 1989. 
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Both of the hydrothermal experiments and illitic shale experiment group 
together on the diagram. 
With the exception of the dehydrated 2mm-illitic shale experiment, all of the 
anhydrous experiments cluster together as well.  Comparison of experimental 
results with the natural oils suggest slightly elevated sulfur content in the 
recovered oils from the anhydrous experiments relative to the natural oils from 
Alabama (Figure 5.25).  There are no significant differences in sulfur content in 
the oils recovered from the hydrothermal experiments relative to the natural oils.  
Figure 5.26 depicts the C15+ content of oils recovered from the pyrolysis 
experiments and analyzed from natural oils.   The experimental dataset is shifted 
to the left, i.e. less C15+ when compared to the natural dataset.  Due to the 
elevated thermal stress needed to induce oil-cracking during pyrolysis, it is likely 
that smaller amounts of C15+ would be recovered from the experiments relative 
to amounts present in a natural system.   However, the API should also increase 
proportionally, and it does not.  Another source of variation in recovered 
amounts of C15+ between the experimental and natural datasets involves 
differences in laboratory protocols used to separate hydrocarbon fractions.  The 
duration and intensity of light hydrocarbon evaporation, the solvents used to 
elute the heavier compounds, and duration of elution procedures are different 
between this study and the laboratory procedures used for the natural oils in the 
Claypool and Mancini, 1989 study.  This variation may contribute to the 
differential C15+ clustering between the natural and experimental datasets.  
The natural dataset shows a clear trend of decreasing C15+ with increasing 
API gravity.   It is unclear whether the grain experiments also follow this trend 
(Figure 5.26).  Recovered oil from the hydrothermal (no grains in reactor), 
hydrothermal 2mm-quartz grain, and the dehydrated 2mm-illitic shale 
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experiments contain similar amounts of  C15+. The C15+content of the anhydrous 
2mm-illitic shale experiment is intermediate between the hydrothermal and 
anhydrous results.  Comparison of the hydrothermal and 2mm-illitic shale 
experiments with the anhydrous grain experiments suggest that the 
hydrothermal experiments contain more C15+ and at lower API gravities relative 
to the anhydrous grain and non-grain experiments. 
The saturate/aromatic ratios determined from grain experiments are 
generally less than the saturate/aromatic ratios determined from the natural oils 
(Figure 5.27).  Table 5.11 clearly indicates that relative to the original oil, low 
saturate/aromatic ratios were calculated for all the grain experiments. A detailed 
analysis of the bulk oil fractions is discussed in the next section.  There is no clear 
trend of increasing saturate/aromatic ratios with increasing °API gravity for 
either the experimental or natural dataset (Figure 5.27.). 
 Artificial maturation, variation in column chromatography preparation 
techniques, collection and venting of dissolved gas in the recovered oil from the 
pyrolysis experiments, and generation of significant amounts of char may 
preclude a meaningful comparison of bulk oil characteristics with the natural 
Smackover dataset.  However, results from the experiments are within the same 
order of magnitude as bulk properties of natural oils.  Given that natural 
processes are different than experimental pyrolysis of crude oils, it is important 
to note some similarities in bulk oil properties between pyrolysates and natural 
crude oils (Figures 5.25, 5.26 and 5.27). 







   Saturate, aromatic, resin, and asphaltene fractions of recovered oils 
 
 
Recovered oil from the hydrothermal, anhydrous and grain experiments was 
separated into C15+ hydrocarbon fractions using standard column 
chromatography techniques described in Chapter 2. These fractions were 
normalized to account for column holdup and evaporation of volatile fraction. 
Values reported in weight percent.  Hydrocarbon fractions recovered from the 
original Smackover oil are also listed for comparison.   
Table 5.12 indicates that recovered oils from the grain and non-grain 
pyrolysis experiments contain significantly less saturates and more aromatics 
than the original Smackover oil.  The original oil contains a slightly higher 
concentration of resins relative to oils from the pyrolysis experiments.  
Conversely, slightly more asphaltenes are present in the oils from the pyrolysis 
experiments relative to the original Smackover oil (Table 5.12). 
Figure 5.28 depicts the amount in weight percent of the oil fractions from the 
grain and non-grain experiments.  It also illustrates the significant difference in 
saturate and aromatic content between the original Smackover oil and thermally 
degraded oil from the grain and non-grain pyrolysis experiments.  Elevated 
amounts of aromatic fractions were recovered from all the pyrolyzed oils.  The 
hydrothermal and anhydrous non-grain experiments contain the lowest saturate 
fraction relative to results from the grain experiments.  Oil from the carbonate 
and illitic shale experiments contain saturate contents only 2.0 to 4.0 wt.% higher 
than the non-grain experiments (Figure 5.28).  The oils from the hydrothermal 
2mm-quartz grain, anhydrous 0.75mm-quartz grain, and dehydrated illitic shale 
experiments contain the most saturates relative to the other pyrolysis 
experiments and cluster  separately on the diagram. 
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Table 5.12     Oil fractions from recovered oil at 380°C 
 
 














       
Original 
Smackover^ 
50.9 38.3 8.7 2.1 1.0 30.2 
       
HP 2876^ 
anhydrous 
12.1 79.8 4.8 3.3 4.2 76.1 
HP 2877^ 
hydrothermal 
10.1 79.8 5.8 4.4 3.4 67.4 






























26.0 71.7 0.2 2.1 1.2 69.0 
       
       
^  weight percent of C15+ fraction after evaporation of volatile fraction 
*   weight percent column holdup of C15+ 





























 - 0.75mm quartz grains
 - 2mm limestone grains
 - 2mm illitic shale
 - 2mm dehydrated  illitic shale
 - 2mm dolomite grains










Figure 5.28  The saturate, aromatic, resin, and asphaltene content of the 
recovered oil from the grain experiments.  Whole-oil fractions from the 
hydrothermal and anhydrous non-grain experiments included for comparison. 
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Aromatic content in oils from the illitic shale, hydrothermal (non-grain), and 
anhydrous (non-grain) experiments is approximately 80.0 wt.% (Table 5.12).  Oils 
from the other grain experiments also contain elevated amounts of aromatics, 
ranging between 71.7 to 79.4%. In contrast, the aromatic content of the original 
Smackover oil is much less, only 38.3% (Figure 5.28).  Oils recovered from the 
pyrolysis experiments contain less than 7.0 wt.% resins, and 5.0 wt.% 
asphaltenes, with minimal variation between grain and non-grain experiments. 
As described in Chapter 3, the saturate fraction in oils thermally degraded at 
380 °C is almost 40.0 wt.% less than the original oil.  The aromatic fraction in the 
degraded oils has a coincident increase of almost 40.0 wt.% relative to the 
original oil.  Recovered oils from the grain experiments contain saturate and 
aromatic fractions relative to the original oil that range between 30.0% - 40.0%, 
similar to recoveries from the non-grain experiments (Figure 5.28).   
However, as a general rule, the amount of saturates in the recovered oil from 
the grain experiments is higher (between 6.0 and 16.0% higher) than the amounts 
reported for the non-grain experiments.  The amount of saturates contained in 
the oil from the dehydrated illitic shale experiment is almost 16.0 wt.% greater 
than the illitic shale and hydrothermal (non-grain) experiments.  Therefore, the 
amount of saturate and aromatic oil fractions produced by the grain experiments 
vary with grain composition.  Until replicate experiments can be conducted, it is 
unclear whether the variability is solely due to changes in grain composition, 
slight variability in analytical column chromatography techniques, inherent 
pyrolysis experimental variability, or a combination of one or more of the above.   
The fact that the lowest saturate content in the recovered oils was produced 
from the anhydrous illitic shale experiment may be significant.  This experiment 
also generated the highest total gas yield of the grain experiments (Figure 5.2).  
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The saturate content in the oil from this experiment may be reduced due to 
incorporation of elevated amounts of C1-C5 n-alkanes in vapor phase generated 
during the experiment. The linkage between saturate content in recovered oil 
and total gas yield was also discussed in Chapter 3. 
     
     Whole-oil gas chromatography of the grain experiments 
  
Whole-oil gas chromatograms (GC) generated by gas chromatography Flame 
Ionization Detector (GC-FID) of the recovered oils from the grain experiments at 
380°C were analyzed to identify saturated and aromatic compounds including 
naphthenes.  A total ion current (TIC) chromatogram generated from gas 
chromatography/mass spectrometry was analyzed to identify monoaromatic 
and polycyclic aromatic compounds and specific cycloparaffins and isoparaffins.  
Information from the TIC trace was utilized to identify the same molecular 
compounds on the whole oil GC-FID. Recovered oils from the grain experiments 
were compared with HP 2877 (hydrothermal) and HP 2876 (anhydrous) non-
grain experiments to determine any variability in recovered oil composition.  
A methodology was developed for whole-oil GC-FID using a cold-trap 
injection system that enhanced the ability to identify short-chain hydrocarbons.  
C6, C7, and in some cases, C5 hydrocarbons were identified on the 
chromatogram.  However, since the methodology was developed after some of 
the early experiments, comparison with the original Smackover oil requires 
using nC8 as the initial, comparative n-alkane.   
Figures 5.29 and 5.30 are the whole oil GC- traces of the recovered oil from 
the hydrothermal and anhydrous non-grain experiments, respectively.  As was 











decreased to the point that identification of carbon numbers over nC18 is 
uncertain.  There is no odd/even preference of saturated homologs.  Pristane and 
phytane cannot be definitively identified on the whole oil gas chromatograms. 
Toluene, methylcyclohexane, ethyl benzene, and 2-methylheptane are easily 
identifiable (Figures 5.29 and 5.30). 
The GC traces of the anhydrous quartz grain experiments are very similar to 
the traces of recovered oil from anhydrous non-grain experiments.  Figure 5.31 is 
the whole oil GC trace of the anhydrous 2mm-quartz grain experiment and 
Figure 5.32 is the whole GC trace of the anhydrous 0.75mm quartz grain 
experiment.  Comparison between the oils recovered from the two quartz grain 
experiments indicates similar n-alkane distributions, similar polycyclic aromatic 
compounds, and corresponding alkylated benzene isomers. 
The relative intensities of the n-alkane distributions from these experiments 
(anhydrous quartz grain experiments) were compared with the original 
Smackover oil, the hydrothermal and anhydrous non-grain experiments in 
Figure 3.33.  As is the case in the recovered oil from the anhydrous and 
hydrothermal experiments, there is significant enrichment of the shorter-chain 
nC8 – nC12 n-alkanes in the oil recovered from the anhydrous quartz grain 
experiments relative to the original Smackover oil.  There are slight variations in 
the relative depletion of nC14 – nC23 n-alkanes between the grain experiments 
and non-grain experiments relative to the original Smackover oil (Figure 5.33).  
In particular, oil recovered from the 0.75mm-quartz grain experiment is slightly 
more depleted in nC17 and nC18 relative to the other pyrolysis experiments. 
However, comparison of the recovered oil from the quartz grain experiments 
with results from other pyrolysis experiments indicates no significant differences 



































































































Figure 5.33  Comparison of the normalized percentage of total peak intensity of 
the n-alkanes in the recovered oil from the anhydrous quartz grain experiments, 
anhydrous and hydrothermal non-grain experiments, and the original 
Smackover oil.  The relative peak intensity difference between the degraded oil 




n-alkane homologs is documented up through nC23 in the recovered oil from the 
quartz grain experiments. After nC23, identification of the heavier n-alkanes is 
problematic. 
Figure 5.34 is the whole-oil chromatogram from the hydrothermal 2mm-
quartz grain experiment.  The n-alkane distribution is similar to the anhydrous 
quartz grain experiments.  However, the relative intensities of toluene and the 
alkylated benzenes appear to be elevated relative to the anhydrous quartz grain 
experiments.  This apparent increase in concentration of toluene and alkylated 
benzene in oils from the hydrothermal experiments was also discussed in 
Chapter 3. 
The relative intensities of the n-alkane distribution from the hydrothermal 
2mm-quartz grain experiment were compared with the original Smackover oil, 
the hydrothermal and anhydrous non-grain experiments, and the anhydrous 
quartz grain experiments in Figure 5.35.  The recovered oil from the 
hydrothermal 2mm-quartz grain experiment contains slightly more nC8 relative 
to the other pyrolysis experiments.  However, the relative intensities of nC9+ are 
indistinguishable from the other experiments.  Analysis of the n-alkanes to 
determine zones of relative enrichment and depletion in relation to the original 
oil suggest that relative enrichment in the oil recovered from the hydrothermal 
quartz grain experiment occurs between nC8 – nC11.  In contrast, the zone of  
relative enrichment continues up through nC12 for the other pyrolysis 
experiments.  Otherwise, there is no significant variation in relative enrichment 
or depletion of the n-alkanes between the hydrothermal and anhydrous grain 
experiments (Figure 5.35). 
Whole-oil gas chromatographs recovered from the carbonate experiments 
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Figure 5.35  Comparison of the normalized percentage of total peak intensity of 
the n-alkanes in the recovered oil from the hydrothermal 2mm-quartz grain 
experiment, anhydrous quartz grain experiments, anhydrous and hydrothermal 
non-grain experiments, and the original Smackover oil.  The relative peak 
intensity difference between the degraded oil from pyrolysis experiments and 
the original oil is plotted on the primary ordinate. 
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paraffinic and aromatic compounds (Figures 5.36 and 5.37). Differences in 
relative intensities of the n-alkanes in the recovered oil from both experiments 
were plotted on Figure 5.38.  
Recovered oil from both carbonate experiments indicate a zone of relative 
depletion in the heavier n-alkanes extending from nC12 to nC20.  Due to the 
difficulty in peak identification in the C20+ range in oils from both experiments, it 
is unclear whether relative depletion of the C20+ n-alkane fraction tracks the 
alkane distribution recovered from the anhydrous and hydrothermal 
experiments without grains in the reactor.  Comparison with the n-alkane 
distribution recovered from the anhydrous experiment indicate that the oil 
recovered from the carbonate grain experiments are slightly enriched in nC13 and 
nC14 relative to the anhydrous experiment (Figure 5.38).  The area of relative 
enrichment in the lighter nC8 to nC12 fraction of the oil recovered from both 
carbonate experiments is virtually identical.  Assuming complete nC8 recovery, 
oil from the dolomite experiment is nominally enriched in nC8 relative to the 
limestone experiment. 
Comparison of the whole oil gas chromatograms from the anhydrous 2mm-
illitic shale experiment with the dehydrated 2mm-illitic shale experiment 
indicates subtle differences in monoaromatic and polyaromatic compounds 
(Figures 5.39 and 5.40).  The relative intensity of toluene and naphthalene (when 
compared to nC8) is higher in the oil generated from the anhydrous 2-mm illitic  
experiment than in the oil generated from the dehydrated 2-mm illitic shale 
experiment.   In general, the overall distribution of the branched and  
straight-chained alkanes is similar between the two experiments.  A slight 
difference in the n-alkanes between the two experiments occurs at nC11.  The area 








































































































Figure 5.38  Comparison of the normalized percentage of total peak intensity 
of the n-alkanes in the recovered oil from the carbonate grain experiments, 
anhydrous and hydrothermal non-grain experiments, and the original 
Smackover oil. The relative peak intensity difference between the degraded oil 















anhydrous 2mm-illitic shale experiment, rather than at nC12 in the oil recovered 
from the dehydrated illitic shale experiment (Figure 5.41).  These differences are 
subtle and the areas of relative enrichment and depletion in the n-alkanes are not 
only similar between the two illitic shale experiments, they are also similar to the 
n-alkane distribution in oils recovered from the hydrothermal and anhydrous 
experiments without grains in the reactor. 
In general, recovered oils from the grain experiments all show a consistent 
pattern of relative n-alkane enrichment and depletion.  These results are similar 
to the pattern determined from the anhydrous and hydrothermal experiments 
without grains in the reactor (Figures 5.35, 5.38, and 5.41).  Differences are subtle 
and generally occur at nC11 or nC12, typically the demarcation between relative 
enrichment and depletion in the n-alkanes.  However, there do appear to be 
differences in the relative intensities of some of the monoaromatic and 
polyaromatic compounds on the whole oil gas chromatograms from the 
recovered oils. These differences will be discussed in the next section. 
It is also important to note that the whole-oil chromatograms using the cold-
trap injection technique indicate high intensities of the shorter-chain n-alkanes 
relative to other aromatic compounds. Since the amount of saturates and 
aromatics determined from column chromotography are analyzed using 
techniques that only preserve the C15+ fraction, a significant portion of the 
saturate fraction was eliminated in the determination of  total weight percent 
according to the gas chromatograms.  Therefore, the amounts of saturates and 
aromatics calculated using column chromatography are skewed toward 
increased aromatic concentrations relative to the saturate fraction.  Whole-oil GC 
using the cold trap technique provides increased resolution in determining the 





























































































Figure 5.41  Comparison of the normalized percentage of total peak intensity 
of the n-alkanes in the recovered oil from the illitic shale experiments, anhydrous 
and hydrothermal non-grain experiments, and the original Smackover oil.  The 
relative peak intensity difference between the degraded oil from pyrolysis 
experiments and the original oil is plotted on the primary ordinate.    
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    Gasoline-range hydrocarbons in recovered oil  
 
Specific saturated and aromatic hydrocarbons were used to compare the 
recovered oils from the hydrothermal, anhydrous, and grain experiments at 380 
°C.  Selected n-alkanes, cycloalkanes and aromatic compounds were used as 
reference markers to evaluate compositional trends in the recovered oils. A 
commonly used measure of paraffinicity regarding natural oils involves the ratio 
of nC7 to methylcyclohexane (Thompson, 1987).  This ratio was determined from 
whole-oil gas chromatograms of the recovered oils at 380°C. In addition, the ratio 
of toluene to nC7 is used as a common measure of aromaticity.  The paraffinicity 
parameter is 0.579 and the aromaticity parameter is 0.367 for the original 
Smackover oil 
Figure 5.42 is a cross-plot of aromaticity and paraffinicity of the grain and 
non-grain anhydrous and hydrothermal experiments at 380 °C.  The ratios of the 
original Smackover oil are included for comparison.  The paraffinicity of the 
recovered oil from these experiments does not vary significantly with changes in 
grain composition or presence of water within the reactor.  The paraffinicity 
parameters range from approximately 0.74, determined from the hydrothermal 
grain experiments to 0.82, the ratios calculated from the anhydrous experiments 
(Figure 5.42).  While the paraffincity of the recovered oils has increased when 
compared to the original Smackover oil, the amount of nC7 relative to 
methylcyclohexane does not vary significantly with grain composition. 
The aromaticity parameters calculated from the grain experiments 
demonstrate increased variability, relative to the paraffinicity parameters, with 
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Figure 5.42  Diagram of paraffinicity and aromaticity of recovered oils from the 
grain and non-grain hydrothermal and anhydrous experiments.  Values from the 
original Smackover oil are included for comparison.  Ratios are calculated from 
relative peak intensities determined from gas chromatograms (FID). 
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quartz grain experiment to 0.38, the ratios determined from the 2mm-illitic shale 
and hydrothermal 2mm-quartz grain experiments.  Oils from the hydrothermal 
2mm-quartz grain and 2mm-illitic shale experiments contain relatively more 
toluene than any of the other pyrolysis experiments (Figure 5.42). The recovered 
oils from the anhydrous quartz and carbonate grain experiments contain the 
lowest relative amount of toluene of all the grain experiments.  Oils from the 
dehydrated illitic shale, hydrothermal and anhydrous experiments (no grains in 
reactor) contain similar relative amounts of toluene. 
Polynuclear aromatic compounds, 2-methylnapthalene and ethylbenzene 
were utilized as aromatic marker ratios (relative to nC9) to track changes in 
higher molecular weight compounds in recovered oils from hydrothermal, 
anhydrous, and grain experiments (Figure 5.43).  Ethylbenzene has a molecular 
weight of 107.11 g/mole while 2-methylnapthalene is heavier, with a molecular 
weight of 143.06 g/mole. Ratios from the original Smackover oil are included for 
comparison.   
Oils from the hydrothermal 2mm-quartz grain and 2mm-illitic shale 
experiments contain the highest relative amounts of ethylbenzene of all the 
pyrolysis experiments (Figure 5.43).  As discussed in previous sections, the illitic 
shale experiment generated water during pyrolysis which may result in 
recovered oil that contains molecular signatures similar to the oils from the 
hydrothermal experiments. However, the oil recovered from the illitic shale 
experiment contains the highest relative amount of 2-methylnapthalene of all the 
grain and non-grain experiments.  This elevated response may be attributed to 
grain composition.  The anhydrous quartz grain, carbonate and anhydrous non- 
grain experiments produced ratios that group above the ratios determined for 
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Figure 5.43  Comparison of aromatic markers selected to track changes in 
recovered oil from the grain experiments at 380 °C.  Values determined for the 
original Smackover oil and hydrothermal and anhydrous experiments are 




Aromatic markers have been used to assess thermal maturity of natural oils.  
Hill et al. (2004) used C4-benzenes (C10) and C4-napthalenes (C14) as potential 
maturity indicators in oils generated from anhydrous pyrolysis and in natural 
oils from the Fort Worth basin.  Data derived from the pyrolysis experiments 
indicated that with increasing %Ro (vitrinite reflectance), ratios employing 
tetramethyl-, dimethylethyl-, and methylisopropylbenzene isomers and 
tetramethyl-napthalene isomers also increase (Hill, et al., 2004).  Ratios of the C2-
benzene and C1-napthalene derived from pyrolysis of Smackover oil at a single 
temperature (380 °C) suggest that grain composition and presence of water may 
influence the relative enrichment of aromatic markers in the recovered oil. 
Therefore, variation in selected aromatic markers may skew maturity trends 
depending upon the conditions under which the oil was generated.  
 
 
     Isotopic composition of the recovered oils 
 
 
The δ13C ratios from the recovered oil were determined for the 
hydrothermal, anhydrous, and grain experiments at 380 °C.  These ratios were 
measured in the saturate, aromatic, resin, and asphaltene fractions.   Isotopic 
ratios for the hydrocarbon fractions from the original Smackover oil prior to 
pyrolysis were also measured. Repeat analyses of selected ratios indicate 
standard deviations which range from 0.02 to 0.13 ‰. 
 Figure 5.44 tracks the isotopic changes in the hydrocarbon fractions of 
recovered oil from the hydrothermal, anhydrous, and hydrothermal 2mm-quartz 
grain experiments.  Compared to the value of the original Smackover oil, the 


































Figure 5.44  Isotopic ratios for the hydrocarbon fractions of recovered oil from 
hydrothermal, anhydrous, and hydrothermal 2mm-quartz grain experiments at 
380 °C.  Isotopic ratios from the original Smackover oil are included.  All δ13C 
values are in ‰ relative to VPDB. 
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at least 3.5‰.   The anhydrous and hydrothermal δ13C isotopic values of the 
saturate fraction are similar, with maximum enrichment of 13C ranging between   
-19.86 and -20.04 δ13C.  The isotopic value of the saturate fraction in the 
recovered oil from the hydrothermal 2mm-quartz grain experiment is slightly 
depleted in 13C relative to the anhydrous and hydrothermal δ13C values by 0.64 
‰ (Figure 5.44).  Maximum fractionation in δ13C between the original oil and 
degraded oils occurs in the saturate fraction.  13C enrichment in the saturate 
fraction is significant since it is approximately 30x the reported maximum 
standard deviation established by repeat analyses.  An increase in isotopic 
fractionation of the saturate portion of the oil may be an indicator that most oil-
cracking reactions are occurring in the saturate fraction of the oil. 
Isotopic fractionation in the aromatic fraction of recovered oils from the 
hydrothermal, anhydrous, and hydrothermal 2mm-grain experiments (relative to 
the original Smackover oil) is not as pronounced (Figure 5.44).  The aromatic 
fraction of the recovered oil from the hydrothermal and anhydrous experiments 
is enriched in 13C by over 0.5 ‰ relative to the original oil.  However, the isotopic 
value determined from the hydrothermal 2mm-quartz grain experiment is 
slightly depleted in 13C relative to the other pyrolysis experiments and is 
approximately equal to the original oil. 
The resins and asphaltene δ13C ratios determined from the hydrothermal 
2mm-quartz grain experiment are slightly enriched in 13C relative to the other 
non-grain experiments (Figure 5.44).  This enrichment is minimal and ranges 
from 0.2 to 0.37 ‰, nominally exceeding the maximum standard deviation.  In 
the resin fraction of oils recovered from the experiments there is an increase in 
13C fractionation relative to the original oil of approximately 1.0 ‰.   This 
exceeds the amount of fractionation determined in the aromatic portion of oils 
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recovered from the experiments and the original Smackover oil (Figure 5.44).  
This may indicate that cracking reactions occurring during the pyrolysis 
experiments may have utilized NSO compounds preferentially to aromatic 
precursors.  The asphaltene fraction of oils recovered from the experiments is 
slightly enriched in 13C relative to the original oil and the δ13C ratios are lower 
than any reported from the saturate, aromatic, and resin fractions. 
Figure 5.45 depicts the comparison of the anhydrous quartz grain 
experiments with the hydrothermal and anhydrous non-grain experiments. As 
was discussed in the previous section, the maximum isotopic fractionation 
relative to the original oil occurs in the saturate fraction of the degraded oils. It is 
important to note the depletion in 13C of over 1.4 ‰ in oil recovered from the 
0.75mm-quartz grain experiment relative to the other pyrolysis experiments. This 
significant decrease in isotopic fractionation occurs in the grain experiment that 
generated the lowest total gas yield (Figure 5.2).  This decrease in isotopic 
fractionation may indicate a decrease in cracking reactions generating C1-C5 n-
alkanes.   
δ13C ratios determined in the aromatic fraction from the hydrothermal, 
anhydrous, and 2mm-quartz grain experiments are roughly equivalent.  The δ13C 
value determined from the 0.75mm-quartz grain experiment is slightly depleted 
in 13C and equivalent to the ratio determined in the original Smackover oil 
(Figure 5.45).   δ13C values of the resin fraction recovered from all the pyrolysis 
experiments are approximately equal, with a 0.9 ‰ enrichment in 13C relative to 
the original oil.  As was discussed in the previous section, more isotopic 
fractionation has occurred in the resin fraction relative to the original oil, than in 
the aromatic fraction of the recovered oils.  There is variation in the δ13C values 



































Figure 5.45  Isotopic ratios for the hydrocarbon fractions of recovered oil from 
hydrothermal, anhydrous, anhydrous 2mm-quartz grain, and anhydrous 
0.75mm quartz grain experiments at 380 °C.  Isotopic ratios from the original 
Smackover oil are included.  All δ13C values are in ‰ relative to VPDB. 
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quartz grain recovered oils.  Oil recovered from the 2mm-quartz grain 
experiment is over 0.6 ‰ depleted in 13C relative to the oil recovered from the 
0.75mm-quartz grain experiment. 
Isotopic values determined in the oils recovered from the carbonate 
experiments also indicate that maximum 13C enrichment occurs in the saturate 
fraction (Figure 5.46).  In this case, both δ13C ratios determined from the saturate 
fraction are less than the non-grain experiments by over 1.4 ‰. Correspondingly, 
yields of total gas from the carbonate experiments are less than the non-grain 
experiments (Figure 5.2).   Isotopic values determined in the aromatic fraction of 
degraded oils from the carbonate experiments are slightly less (by 0.6 ‰) than 
δ13C ratios determined from the non-grain experiments.   
Only slight variations exist in the carbon isotopic values determined from 
the resin fraction in degraded oils from the hydrothermal, anhydrous, anhydrous 
2mm-quartz grain and anhydrous 0.75mm quartz-grain (Figure 5.45).     
However, there is an overall enrichment in 13C relative to the original oil of at 
least 0.5 ‰.  Isotopic values determined in the resin fraction of recovered oil from 
the carbonate experiments produced values that are similar to those determined 
in the aromatic fraction (Figure 5.46). δ13C ratios determined in the asphaltene 
fraction of the oils recovered from all grain and non-grain pyrolysis experiments 
are roughly equivalent, with difference in δ13C ratios just exceeding 0.13 ‰, the 
standard deviation threshold determined from repeat analysis of selected 
samples.  
 Maximum isotopic fractionation occurs in the saturate fraction of degraded 
oils from the illitic shale experiments (Figure 5.47).  It is interesting to note that 
the δ13C ratio determined from the 2mm-illitic shale experiment is equivalent to 



































Figure 5.46  Isotopic ratios for the hydrocarbon fractions of recovered oil from 
hydrothermal, anhydrous and carbonate grain experiments at 380 °C.  Isotopic 
ratios from the original Smackover oil are included.  All δ13C values are in ‰ 

































Figure 5.47  Isotopic ratios for the hydrocarbon fractions of recovered oil from 
hydrothermal, anhydrous and illitic shale experiments at 380 °C.  Isotopic ratios 
from the original Smackover oil are included.  All δ13C values are in ‰ relative 
to VPDB.     
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The highest total gas yield was generated from the 2mm-illitic shale experiment, 
with the hydrothermal quartz grain and hydrothermal non-grain experiments 
generating higher gas yields than the anhydrous experiments (Figure 5.2).  The 
δ13C ratio determined in the saturate fraction of oil from the dehydrated illitic 
shale experiment is depleted in 13C by over 1.3 ‰ relative to the other illitic shale 
experiment (Figure 5.47).  The dehydrated illitic shale experiment produced a 
total gas yield less than the gas yield generated from the illitic shale experiment.  
δ13C isotopic values in the aromatic and resin fractions of oils recovered from 
the illitic shale experiments are equivalent and slightly depleted in 13C relative to 
the anhydrous and hydrothermal non-grain experiments.  The degree of isotopic 
variability in the asphaltene fraction of oils from the illitic shale experiments is 
similar to results from other grain experiments (Figures 5.45, 5.46, and 5.47). 
Isotopic results indicate that maximum δ13C fractionation is occurring in the 
saturate fraction in oils recovered from both the grain and non-grain 
experiments.  This may indicate that the bulk of oil-cracking reactions are 
occurring in the saturate fraction.  This inference is supported by whole-oil gas 
chromatography of the recovered oils (see previous discussion).   There appears 
to be a corresponding relationship in the saturate fraction between the degree of 
isotopic fractionation relative to the original oil and total gas yield generated 
from the grain experiments (Figures 5.45, 5.46, and 5.47).  The δ13C determined in 
the saturate fraction from oil recovered from the 2mm-illitic shale experiment is 
equivalent to the δ13C value determined from the hydrothermal, non-grain 
experiment.  The highest gas yields were generated from these two experiments.  
However, it is important to note that the δ13C ratio determined from the 
anhydrous, non-grain experiment is equivalent to the value determined from the 
hydrothermal, non-grain experiment.  The anhydrous non-grain experiment 
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generated less gas than the hydrothermal non-grain experiment (see Chapter 3).  
Therefore, substantiation of the relationship between gas yield and isotopic 
fractionation needs to be investigated with replicate anhydrous, hydrothermal, 
and grain experiments. 
Isotopic analysis of the recovered oil indicates that significantly less 
fractionation has occurred within the aromatic and resin fractions of the 
degraded oil. Slightly more 13C fractionation has occurred in the resin fraction 
(relative to the original Smackover oil) when compared to the aromatic fraction 
of the degraded oils.  This may indicate that cracking reactions during pyrolysis 
may preferentially utilize NSO compounds relative to the aromatic molecules. 
  
 
     Concentration of diamondoids in recovered oil 
 
 
Diamondoids are rigid, fused-ring alkanes that consist of a carbon skeleton 
in a small cage structure that is repeated throughout the crystal lattice (Wingert, 
1991).  Because of their fused ring structure, diamondoids are thermally stable at 
higher temperatures than most hydrocarbons.  Therefore, as hydrocarbons crack 
into gas and smaller-chain n- and iso-alkanes, the concentration of diamondoids 
increases in the residual oil.  The increase in diamondoid concentration with 
increasing thermal stress has been used as a indicator of natural oil cracking 
(Dahl, et al., 1999).  Utilizing the methodology outlined in Chapter 2, the 
concentrations of 3-methyldiamantane and 4-methyldiamantane were 
determined in recovered oil from the hydrothermal and anhydrous experiments.  
These compounds were used as the diamondoid markers due to their ease of 
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identification and availablity of standard reference concentrations for use in 
GC/MSMS analytical procedures. 
Table 5.13 lists the concentrations of the diamondoid compounds in 
recovered oil from hydrothermal, anhydrous, and grain experiments at 380 °C.  
Recovered oil from the grain experiments contains lower amounts of total 
diamantane (3-methyldiamantane and 4-methyldiamantane) relative to the 
recoveries from the anhydrous and hydrothermal experiments.  Figure 5.48 
shows the correlation between the conversion of oil to gas (plus pyrobitumen) 
determined from mass balances calculated from the experiments and the 
concentration (ppm) of methyldiamantanes in the original and recovered oils.  
Recovery from the anhydrous and hydrothermal experiments through the 
temperature series (340 to 400 °C) indicates a strong correlation between the 
percent original oil converted to gas (and pyrobitumen) and the conversion 
percentage determined by the total concentration of diamantanes (Figure 5.48). 
Results from the dolomite, hydrothermal 2mm-quartz grain, and illitic shale 
experiments deviate from this previously established trend (see Chapter 3). 
Actual oil conversions determined from these experiments range between 32.8 
and 34.4 wt.%.  The degree of oil conversion estimated by using  
methyldiamantane recovery for these same experiments ranges between 9.5 to 
23.0 % (Figure 5.48).  Results from the anhydrous quartz and limestone 
experiments indicate a better correlation between actual and estimated oil 
conversion.  For example, the actual oil conversion determined from product 
mass balance of the limestone experiment is 31.1 wt.%.  The amount of 
conversion estimated from the concentration of methyldiamantanes in the 
recovered oil from the limestone experiment is approximately 26.5 wt.%. 
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Figure 5.48 Correlation between conversion of oil to gas and pyrobitumen in 
hydrothermal, anhydrous, and grain experiments with the concentration (ppm) of 
methyldiamantanes in the recovered oil.  All grain experiments were run at 380 °C.  Mass 




The disparity of oil conversion estimates in oils recovered from the grain 
experiments suggest that pyrolysis experiments using various grain 
compositions impacts the utility of using diamondoids to estimate the amount of 




Quartz sand, limestone, dolomite, and illitic shale were added to reactors 
under hydrothermal and anhydrous conditions to assess the effects of grain 
composition on gas generation.  The presence of water either generated from 
grain micropores during the experiment or added to the reactor along with 
mineral grains affects gas generation.  In two grain experiments, grain 
mineralogy may also affect the total gas yield. 
Similar to the results discussed in Chapter 3, better temperature control was 
achieved in the hydrothermal grain experiment relative to the anhydrous grain 
experiments (Table 5.2).  The range of temperature standard deviations 
determined from the anhydrous grain experiments (0.7 – 1.9 °C) is similar to the 
range determined for the 360 – 400 °C Smackover oil experiments without grains 
in the reactor (Table 3.1).  This was an unexpected result since the method for 
temperature control designed for the grain experiments (thermocouple wired 
outside the reactor) is different than the method used in the temperature series 
experiments (see Chapter 2 for discussion).  This similarity in range of standard 
deviation indicates that sufficient temperature control was achieved for the grain 
experiments. 
The grain experiments were designed such that total surface area and 
available pore space in the reactors were similar in all grain experiments, with 
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one exception.  The grain size was reduced in one of the quartz-grain 
experiments to 0.75mm to assess the effect of surface area on gas generation 
(Table 5.3).  This decrease in grain size almost tripled the grain surface area 
within the reactor. 
As was discussed in Chapters 3 and 4, the pressure generated during the 
pyrolysis experiments is the result of the interplay between headspace volume in 
the reactor, thermal expansion of oil (and water, if used), and gas generation.  
Similar to results from other hydrothermal experiments, the hydrothermal 2mm-
quartz grain experiment generated initial and final pressures significantly higher 
than pressures generated during the anhydrous grain experiments (Figure 5.1).  
Smaller amounts of oil and water were used in the hydrothermal 2mm-quartz 
grain experiment relative to the oil-only hydrothermal experiments.  This 
resulted in a final pressure approximately 300 psig lower than the final pressures 
generated from the oil-only hydrothermal experiments. 
Results from the anhydrous grain experiments indicate a significant increase 
in variability of recorded, final pressures.  The 2mm-illitic shale experiment 
generated the highest initial and final pressures of all the anhydrous grain 
experiments (Figure 5.1).  The final pressure recorded from this experiment is 
over 1000 psig higher than the final pressure generated from the dehydrated 
2mm-illitic shale experiment.  This significant increase in final pressure is due to 
the presence of interstitial pore water and a coincident  increase in gas generation 
from the 2mm-illitic shale experiment (Table 5.4).   
In contrast, differences in final pressures between the anhydrous quartz 
experiments can only be attributed to differences in gas generation since the 
amount of oil and mineral grains loaded into the reactor were similar (Tables 5.3 
and 5.4).  The 0.75mm-quartz grain experiment generated the lowest amount of 
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gas (per gram of original oil) of all the grain experiments and relative to the 
2mm-quartz grain experiment, the final pressure is also significantly lower.   
The carbonate experiments generated the lowest final pressures of all the 
anhydrous grain experiments.  This is primarily due to the significant decrease in 
grain mass (relative to the quartz experiments) which allows an increase in 
headspace volume coupled with a decrease in oil mass loaded into the reactor 
(Tables 5.4 and 5.5).  Therefore, variability in final pressures recorded for the 
anhydrous grain experiments is a complex interaction of available headspace, 
presence or absence of interstitial pore water, thermal expansion of oil, and gas 
generation. 
Recovery from the 2mm-illitic shale anhydrous experiment included 1.33g of 
free H2O with an unknown amount also recovered as emulsion.  This water was 
derived from micropores within the shale.  A similar result was noted from 
experiments using illite and montmorillinte in pyrolysis of oil-prone kerogens 
(Huizinga, et al., 1987).  Their experiments were conducted in 200ml stainless-
steel reactor vessels inserted in GC ovens.   
If a sealed, gold-tube experimental methodology is used for oil-cracking 
experiments (in the presence of mineral grains), it is problematic whether minute 
amounts of water generated from micropores would be discerned (or measured) 
during the residual oil pentane sonication (to obtain the saturate and aromatic 
liquid fractions) and subsequent direct injection into a gas chromatograph.  This 
situation also applies to grain experiments conducted using microscale sealed 
vessel (MSSV) techniques.  Depending upon the experimental methodology 
used, an increase or decrease in gas generation may be attributed solely to 




     Gas generation 
 
With a few exceptions, the total gas yields generated from the grain 
experiments using Smackover oil are similar to previous experiments in which 
no mineral grains were added to the reactors.  One exception involves results 
from the illitic shale experiment in which gas generation exceeds the mean gas 
yield determined by the hydrothermal experiments (non-grain) by 2.0 wt.%Oo 
and by the mean gas yield of the anhydrous (non-grain) experiments by 4.0 
wt.%Oo (Table 5.4).  Significantly reduced gas yields were generated from the 
anhydrous 2mm-limestone and 0.75mm-quartz grain experiments, 2.5 and 4.4 
wt.%Oo respectively, relative to the mean gas yield from the anhydrous 
experiments.  Figure 5.49 compares the mean (x) total gas yield from replicate 
anhydrous and hydrothermal experiments with the total gas yield generated 
from the grain experiments.  In addition, the standard deviation (σ) in total gas 
yield from the replicate experiments (non-grain) is also plotted to illustrate that 
yields from the anhydrous 2mm-illitic shale experiment are elevated relative to 
all the other Smackover oil experiments while results from the anhydrous 
0.75mm-quartz grain and 2mm-limestone experiments are anomalously low.   
It is important to note that two illitic shale experiments were conducted once 
the presence of water in grain micropores was detected.  Figure 5.49 illustrates 
that the dehydrated 2mm-illitic shale experiment generated a total gas yield that  
is not significantly different from other Smackover anhydrous experiments with 
only oil in the reactor.  This suggests that the elevated yield from the 2mm-illitic 
shale is in part, due to the presence of water in grain micropores.  Results from 
the two illitic shale experiments refute the hypothesis that gas generation is 
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Figure 5.49  Comparison of total gas yield (wt.%Oo) of grain experiments with 
average gas yield (x) determined from replicate non-grain experiments.  The 
standard deviation in gas yield determined from replicate non-grain experiments 
is shown to illustrate yields from grain experiments which are anomalously high 
or low.  
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bonds.  If mineral surfaces (i.e. exposing catalysts like halogens and Lewis 
acids/bases) weaken carbon bonds and and facilitate certain reaction pathways 
that preferentially generate gas, then both illitic shale experiments would have 
generated significantly more gas than the non-grain Smackover experiments.  
Figure 5.49 indicates that significantly more gas was generated from the illitic 
shale experiment with water present in micropores. 
The experiments using mineral grains in the reactor were specifically 
designed to collect and analyze generated gas and char, not to ascertain whether 
the reactions were catalysed.  However, a review of some aspects of geocatalysis 
may be helpful in determining preliminary conclusions.   Heterogenous catalysis 
at mineral surfaces, referred to as geocatalysis, may be important in natural 
systems (Schoonen et al., 1998).  In general, catalysis is defined as a process that 
accelerates a specific chemical reaction toward equilibrium through the use of a 
substance that does not have any net chemical change during the conversion of 
reactant to product (Sato, 1990).  There are two key catalytic components; activity 
and selectivity of the catalyst.  Activity of a catalyst is generally considered the 
extent to which a catalyst can facilitate the rate of a reaction, i.e. lowers the 
activation energy needed for the reaction to proceed.  Selectivity of a catalyst 
refers to the ability of a catalyst to facilitate a specific reaction pathway 
(Schoonen et al., 1998).   
Surface catalysis requires an interaction between the reactant(s) and solid 
surface, i.e. mineral grains.  There are two main processes in surface catalysis, 
physisorption and chemisorption, both of which require proper symmetry and 
closeness of energy levels.  Chemisorption is facilitated by the interaction of 
molecular orbitals between the absorbate and the solid surface.  A heterogenous  
assembledge of minerals might provide a continuum of valence states which 
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could weaken C-C bonds and therefore, influence the generation of natural gas.  
In particular, halogens such as fluorine (F), chlorine (Cl), bromine (Br) and iodine 
(I) are known to facilitate geocatalysis as they are highly reactive due to the 
atoms being one electron short of a full outer shell of eight electrons (Heller-
Kalbi, et al., 1996).   Based upon the compositional analysis of the illitic shale, 
there are at best, only trace amounts of Cl and perhaps F (Table 5.1).   
Bell et al., (1994) theorized that chemisorption of acetate (CH3COOH) onto 
Ca-montmorillinite accelerated the decomposition of the acetate to CH4 
(methane) and CO2 (carbon dioxide).  It was not determined what elemental 
components served as the potential catalysts.  In addition, he postulated that Fe 
bearing montmorillinite (Fe III) could serve as a catalyst by partially oxidizing 
acetic acid with a consequent reduction of Fe (III). While catalysis of acetate 
cannot be considered a proxy regarding reactions necessary for cracking of 
saturate and aromatic compounds, it is interesting to note that Ca-
montmorillinite (smectite), concentrations in excess of 2.0%, were only detected 
in the limestone.  The total gas yield generated from the 2-mm limestone 
pyrolysis experiment was significantly lower than the other 2mm grain 
experiments (Figure 5.49).  Results from acetate decomposition experiments 
conducted by Bell, et al., (1994), would suggest that the presence of Ca-
montmorillinite in  the limestone could act as a catalyst and higher gas yields 
would result.  This was not the case. 
The presence of water (whether added to the reactor or present in 
micropores) in the grain experiments facilitated an increase in total gas yield 
from these experiments (Figure 5.49).  It is interesting to note that in experiments 
conducted by Mango et al., (1994) regarding transition-metal catalysis, the 
addition of moderate amounts of water (˜ 2.4 wt.% of rock) appear to increase 
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both catalytic activity and selectivity to methane and enhanced C5+ generation. 
The presence of water is critical to an increase in gas yield from natural oil.  The 
lowest total yields were generated from the anhydrous 0.75-mm quartz grain 
experiment and the 2-mm limestone experiments.  Replicate experiments 
regarding change in surface area need to be conducted to ascertain if increasing 
surface area decreases the total gas yield from grain pyrolysis experiments.   
Direct compositional comparison of the grain experiments is problematic 
due to significant divergence in reported C1 –C5 values (Tables 5.6a and 5.6b).  
Possible reasons for this variance were examined previously in Chapter 5.  
However, several compositional trends can be discerned from the dataset.  As 
was demonstrated in Chapters 3 and 4, more CO2 and H2 are generated from the 
hydrothermal experiments (including the 2mm illitic shale experiment).  An 
exception to that general trend is increased CO2 generation from the anhydrous 
2mm dolomite grain experiment.  While speculative, the increase in generated 
CO2, relative to the other anhydrous experiments, may be a result of Mn 
(manganese) and Fe (iron) substitution which may weaken the crystal lattice 
enough so that ionic bond strengths are diminished at elevated temperatures and 
CO3 released into the reactor.  At this juncture, decomposition reactions generate 
CO2.   
Pyrolysis of kerogens, source rocks, and heterogenous organic matter has 
generated gas compositions that are not typical of in-situ gas accumulations, i.e. 
significantly less than 90.0% C1 (Schoonen et al., 1998).  These results have been 
used to suggest that geocatalysis or fractionation and migration processes 
occurring after hydrocarbon expulsion from source rocks may produce gas 
compositions consistent with those found in subsurface reservoirs (Price et al., 
1995; Mango et al., 1994).  Experimental pyrolysis is a closed system and 
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therefore, much different than natural maturation conditions (open-system) 
present in the subsurface environment.  However, results from oil-cracking 
pyrolysis experiments discussed in this paper suggest that generated gas 
compositions may approach the range of compositions reported from subsurface 
reservoir environments.   
A comparison can be made to a large, statistical study of natural gas from the 
North Sea, Bolivia, Brazil, and Thailand in which the minimum and maximum 
C1-C4 values were reported in mole percent (Prinzhofer et al., 2000).  The sources 
of the generated gas sampled in this study include source rocks containing both 
oil-prone and gas-prone kerogens, a long distance migration history from mature 
basins to platform sediments, and vertical fault migration from ‘leaking’ oil 
reservoirs.  It is unknown whether any of the sampled gas can be attributed to oil 
reservoirs in which the time/temperature history could indicate incipient oil-
cracking.  Table 5.14 lists the minimum values of C1 collected for gas sampled 
from the North Sea (45.3mol %), Bolivia (30.4 mol %), and Thailand (57.2 mol %).  
These minimum values are similar to C1 percentages generated from the 2mm 
anhydrous quartz experiment (50.7 mol %), 2mm hydrothermal quartz 
experiment (33.5 mol %), and the 2mm anhydrous limestone experiment (48.6 
mol).  The C1 value determined from the 2mm illitic shale experiment is not 
similar to values reported in this database Table 5.14).  In addition, maximum C2 
values reported in gas from the North Sea, Bolivia, and Thailand are similar to 
values reported from the above oil-cracking pyrolysis experiments.  Maximum 
values of nC4 reported in the North Sea and Boliva regional database are 2 to 3 
times larger than the values determined from the pyrolysis experiments.  




Table 5.14     Comparison of compositional gas results from selected grain  
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Caution must be used in making this comparison as it is not known how the 
gas was sampled and analyzed for inclusion in the statistical analysis, the 
maximum values for C1 concentrations are in excess of 90.0 mol % (higher 
methane values typical of many gas reservoirs) and it is unclear how the dataset 
is skewed by the high or low values.  In addition, C1 values reported from the 
2mm anhydrous dolomite, 2mm illitic shale, and 2mm dehydrated illitic shale 
experiments are significantly lower than the other experiments (as well as 
minimum C1 values reported from Prinzhofer et al., 2000).  However, data from 
some of the oil-cracking experiments suggest that gas compositions generated 
from natural oil-cracking experiments may approach concentrations seen in 
natural systems.   
 
   Char generation 
 
Calculation of the amount of char coating the grains used in the experiments 
is critical in the determination of total char yields.  Without inclusion in the total 
yield determination, comparison with other pyrolysis experiments would not be 
possible.  This calculation was determined by measuring grain mass before 
experiment initiation and measuring grain mass after conclusion of experiment. 
Figure 5.15 illustrates that the total char yields determined from the 
anhydrous grain experiments (2mm-quartz, 0.75mm-quartz, 2mm-limestone, 
2mm-dolomite, 2mm-dehydrated illitic shale) are not significantly different from 
the anhydrous non-grain experiments.  The hydrothermal 2mm-quartz 
experiment and the 2mm-illitic shale experiment generated total char yields 
virtually identical to hydrothermal non-grain experiments; the total char yields 
range between 10.8 – 11.3 wt.%Oo (Table 5.4).  As was the case in total gas yield, 
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the 2mm-illitic shale experiment generated a total char yield consistent with 
yields produced under hydrothermal conditions.   
Photomicrographs of the mineral grains before and after pyrolysis 
substantiate the calculated total char yields determined from the experiments.  
Figures 5.16 and 5.17 illustrate the thin, but contiguous char development 
around the quartz, dolomite, and limestone grains used in the anhydrous 
experiments. These experiments generated the highest total char yields.   Char 
development along the quartz grains used in the hydrothermal 2mm quartz- 
grain experiment is patchy and discontinuous (Figure 5.16).  Irregular and 
patchy char development is replicated on the illitic shale grains in which water 
was present in the micropores (Figure 5.18.).  These grain experiments generated 
the lowest total char yields. 
There are no significant differences in nitrogen and sulfur contents in 
generated char recovered from experiments with grains or without grains in the 
reactors.  However, oxygen content in char recovered from the dolomite, 
limestone, and illitic shale experiments is significantly higher relative to the 
experiments without grains in the reactor.  This may be the result of an increase 
in decarboxylation reactions in which more oxygen is available to be 
incorporated into the char or conversely, because less oxygen is consumed 
during cracking, the polymerization of heteroatoms forms char with increased 
oxygen content.  Elevated amounts of CO2 were generated from the limestone, 
dolomite, and illitic shale experiments relative to the non-grain anhydrous 
experiment (Table 5.6b).  This may indicate an oxygen source other than phenols 
or chain/ring acids that can be present in natural oil.  It is unclear whether 
differences in H/(H+C) are significant or an artifact of the normalization of grain 
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char (which include a large unanalyzed residual) elemental composition in the 
quartz and illitic shale experiments.   
 
   Isotopic results from generated gas and char 
 
Generated gas from the grain experiments contained 13C isotopic values 
similar to the non-grain hydrothermal and anhydrous experiments (Figures 5.11-
5.13).  Both the grain and oil-only experiments indicate progressive 13C 
enrichment with increasing carbon number.  Isotopic values from an associated 
gas sample of a Gulf of Mexico oil are also plotted on Figures 5.11 – 5.13 and 
indicate that the pattern of progressive enrichment of 13C with increasing carbon 
number is also present in gas generated in a natural setting (Chung et al., 1988).  
In fact, with the exception of the 13C value of C1 from the GOM associated gas 
sample, the isotopic values between the gas generated from the pyrolysis 
experiments and the values determined from the natural gas sample are similar.  
This may indicate that thermogenic cracking processes occurring in the oil (from 
which the gas is generated), while greatly accelerated during pyrolysis, are not 
dissimilar to natural, subsurface processes. 
The standard deviation of isotopic values determined in gas generated from 
both the hydrothermal and anhydrous grain experiments range between 0.12 
and 1.34 ‰ (depending upon carbon number).  Given the range of standard 
deviation, 13C values determined from the grain experiments are similar, with 
the exception of isotopic values determined from the 2mm-limestone grain 
experiment (Figure 5.14).  This relative 13C depletion may indicate the influence 
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of an additional carbon source, perhaps involving decomposition reactions of 
CaCO3. 
Isotopic ratios of gases reflect fractionation related to genetic and post-
genetic processes.  Genetic fractionation is determined by the diagenesis of 
organic matter and the thermal maturation of kerogen and oil (Prinzhofer and 
Huc, 1995).  Post-genetic fractionation includes bacterial activity, migration of gas 
from source horizons, and leakage/oxidation of gas from subsurface reservoirs.  
In an attempt to distinguish genetic sources of gas (primary cracking from 
kerogen versus secondary cracking of oil), the difference in isotopic value 
between C2 and C3 (13C2-13C3) were plotted against the absolute ratio of C2/C3.  
Behar et al., (1991) determined from closed-system pyrolysis of two kerogen 
types (type II and type III) that the C2/C3 ratio displayed different trends during 
the primary cracking of kerogen versus the secondary cracking of oil.  James 
(1983) suggested that investigating the 13C values of C2 and C3 was helpful in 
determining gas maturity and provenance, given certain constraints.  
 Figure 5.50 is a cross-plot of the C2/C3 ratios and 13C difference measured 
from the grain experiments superposed with the genetic fractionation trend 
determined by Prinzhofer and Huc (1995).  They used a collection of gas samples 
from the North Sea, Angola, and Kansas (both gas dissolved in oil and free gas) 
to determine trends utilizing C2 and C3 (mol %) and the 13C values for each gas 
component. Values from the non-grain experiments are also included.  There is a 
wide disparity in C2/C3 ratios but the 13C difference between C2 and C3 is fairly 
narrow, only a 1.6 ‰ difference between maximum and minimum values (Figure 
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Figure 5.50  Crossplot of δ13C difference between C2 and C3 versus the natural log 
of C2/C3 of grain experiments (plus oil-only) using Smackover oil.  The genetic 
fractionation trends of thermogenic gas as determined by Prinzhofer and Huc 
(1995) are superimposed on diagram.   
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from the secondary cracking of oil.  However, it is important to note that the gas 
produced from these oil-cracking experiments was generated at a single 
temperature, 380°C.  Minimal variation in δ13C might be expected, even 
considering changes in experimental conditions (grain and non-grain 
experiments).  The wide disparity in C2/C3 ratios may be due to changes in 
experimental conditions, problems previously discussed in the compositional 
analysis, or a combination of both. 
Figure 5.23 depicts a narrow range of δ13C values for char generated in the 
grain and non-grain experiments.  Using the weighted averages listed in Tables 
5.10a and 5.10b, the calculated values are within the sensitivity range (± .30 ‰) of 
the mass spectrometer.  Among the grain experiments, δ13C values do not differ 
significantly between char position in the reactor (Tables 5.10a and 5.10b).  The 
similarity in δ13C values collected from wall char, bottom char, and grain char 
may indicate that the cross-linking reaction pathways necessary for char 
generation are also similar. 
 
   Recovered oil results 
 
Degraded oil recoveries from the grain experiments follow trends developed 
in previous non-grain experiments discussed in Chapters 3 and 4.  Specifically, 
lower oil recoveries from the hydrothermal experiments correspond to increased 
gas generation.  Figure 5.24 illustrates that the lowest amount of recovered oil 
from the grain experiments was collected from the hydrothermal 2mm-quartz 
and 2mm-illitic shale experiments.  These experiments correspondingly 
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generated the most gas.  Degraded oil recoveries collected from the grain 
experiments (both hydrothermal and anhydrous) cluster near the non-grain 
experiments with the exception of the 0.75-mm quartz and 2-mm limestone 
experiments (Figure 5.24).  These experiments produced the highest degraded oil 
recoveries of all the pyrolysis experiments and generated the lowest gas yields. 
The physical characteristics of the recovered oil (API gravity, sulfur 
percentage, percentage of C15+ recovered, and the saturate/aromatic ratio) are 
similar to those determined from the non-grain experiments.  Table 5.15 provides 
a summary of recovered oil characteristics.  API values determined from the 
hydrothermal (HP 2877) and hydrothermal 2-mm quartz grain (HP 3183) 
experiments that are almost identical.  Interestingly, the API gravity determined 
for the oil recovered from the 2mm-illitic shale experiment is just slightly higher 
by approximately 2.0 API relative to the hydrothermal experiments (°API 
derived from anhydrous experiments are higher than the hydrothermal 
experiments by at least 3.4 °API).  This experiment recovered water derived from 
micropores within the shale and therefore, the gravity may reflect the fact that 
oil-cracking processes from this experiment may have a closer affinity to the 
hydrothermal experiments than the anhydrous experiments. 
Table 5.15 indicates that values determined from the grain experiments 
group within the same range as results from natural oils (Figure 5.25). The sulfur 
content of recovered oil from the dehydrated 2mm-illitic shale is lower than all 
the experiments, but still within the range reported from the natural oils.   
Recovered oil from the anhydrous and anhydrous grain experiments do not 






























        
°API H     H  
        
Sulfur % S S S S S S S 
sat/aro L L L L L L L 
saturates  elev elev elev elev elev elev elev 
GC sim sim sim sim sim sim sim 
toluene elev     elev  
        
ethylbenzene elev     elev  
        
2-methylnapt.       elev^  
δ 13C        
fractionation sat sat sat sat sat sat sat 
        
        
        
 
H – similar to values determined from the hydrothermal non-grain experiments  
S – within the same range of natural oils 
L – lower than the range of natural oils 
elev – concentration higher than non-grain experiments 
elev^ - highest concentration of grain and non-grain experiments 
sim – similar to GC trace from non-grain experiments 







dataset indicates (Figure 5.26).  Comparison of the hydrothermal and 2mm-illitic 
shale experiments with the anhydrous grain experiments suggest that the 
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hydrothermal experiments contain more C15+ and at lower API gravities relative 
to the anhydrous grain and non-grain experiments. 
The saturate/aromatic ratios determined from grain experiments are 
generally less than the saturate/aromatic ratios determined from the natural oils 
(Table 5.15).  Oils recovered from experiments group outside the range of the 
natural dataset.  Relative to the original oil, low saturate/aromatic ratios were 
calculated for all the grain experiments. A detailed analysis of the bulk oil 
fractions is discussed in the next section.  There is no clear trend of increasing 
saturate/aromatic ratios with increasing °API gravity for either the experimental 
or natural dataset (Figure 5.27.). 
 Artificial maturation, variation in column chromatography preparation 
techniques, collection and venting of dissolved gas in the recovered oil from the 
pyrolysis experiments, and generation of significant amounts of char may 
preclude a meaningful comparison of bulk oil characteristics with the natural 
Smackover dataset.  However, results from the experiments bracket the bulk 
properties of natural oils which suggest that oils generated from the pyrolysis 
experiments have characteristics similar to oils from the natural dataset (Figures 
5.25, 5.26 and 5.27). 
Bulk oil composition of the degraded oil recovered from the grain 
experiments contain saturate, aromatic, resin, and asphaltene fractions that 
mirror compositional trends determined from the degraded oil recovered from 
the non-grain experiments.  Figure 5.28 depicts the amount in weight percent of 
the oil fractions from the grain and non-grain experiments.  As was the case in 
the non-grain experiments, the saturate oil fraction contained in recovered oil 
from the grain experiments is greatly reduced relative to the original Smackover 
oil, the aromatic fraction greatly enhanced, and the resin and asphaltene fractions 
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only a few percentage points different than those reported for the original 
Smackover oil.   
As described in Chapter 3, the saturate fraction in oils thermally degraded at 
380 °C is almost 40.0 wt.% less than the original oil.  The aromatic fraction in the 
degraded oils has a coincident increase of almost 40.0 wt.% relative to the 
original oil.  Recovered oils from the grain experiments contain saturate and 
aromatic fractions relative to the original oil that range between 30.0% - 40.0%, 
similar to recoveries from the non-grain experiments (Figure 5.28).   
However, as a general rule, the amount of saturates in the recovered oil from 
the grain experiments is higher (between 6.0 and 16.0% higher) than the amounts 
reported for the non-grain experiments (Table 5.15).  The amount of saturates 
contained in the oil from the dehydrated illitic shale experiment is almost 16.0 
wt.% greater than the illitic shale and hydrothermal (non-grain) experiments.  
Therefore, the amount of saturate and aromatic oil fractions recovered from the 
grain experiments vary with grain composition.  Until replicate experiments can 
be conducted, it is unclear whether the variability is solely due to changes in 
grain composition, slight variability in analytical column chromatography 
techniques, inherent pyrolysis experimental variability, or a combination of one 
or more of the above. 
Analysis of the whole oil gas chromatogram (GC) traces determined from oil 
recovered from the grain experiments indicate compositions very similar to the 
oil recovered from the non-grain experiments (Table 5.15). In general, recovered 
oils from the grain experiments all show a consistent pattern of relative n-alkane 
enrichment and depletion.  These results are similar to the pattern determined 
from the anhydrous and hydrothermal experiments without grains in the reactor 
(Figures 5.35, 5.38, and 5.41).  Differences are subtle and generally occur at nC11 
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or nC12, typically the demarcation between relative enrichment and depletion in 
the n-alkanes.  However, there do appear to be differences in the relative 
intensities of some of the monoaromatic and polyaromatic compounds on the 
whole oil gas chromatograms determined from some of the grain experiments. 
 Oils from the hydrothermal 2mm-quartz grain and 2mm-illitic shale 
experiments contain relatively more toluene than any of the other pyrolysis 
experiments (Table 5.15). The recovered oils from the anhydrous quartz and 
carbonate grain experiments contain the lowest relative amount of toluene of all 
the grain experiments.  Oils from the dehydrated illitic shale, non-grain 
hydrothermal, and non-grain anhydrous experiments contain similar relative 
amounts of toluene.  Oils from the hydrothermal non-grain, hydrothermal 2mm-
quartz grain, and 2mm-illitic shale experiments contain the highest relative 
amounts of ethylbenzene of all the pyrolysis experiments (Table 5.15).  As 
discussed in previous sections, the illitic shale experiment generated water 
during pyrolysis which may result in recovered oil that contains molecular 
signatures similar to the oils from the hydrothermal experiments. However, the 
oil recovered from the illitic shale experiment contains the highest relative 
amount of 2-methylnapthalene of all the grain and non-grain experiments.  This 
elevated response may be attributed to grain composition.  The anhydrous 
quartz grain, carbonate and anhydrous non-grain experiments produced ratios 
that cluster just above the ratios determined for the original Smackover oil 
(Figure 5.43).  
Ratios of the C2-benzene and C1-napthalene derived from pyrolysis of 
Smackover oil at a single temperature (380 °C) suggest that grain composition 
and presence of water may influence the relative enrichment of aromatic markers 
in the recovered oil. Therefore, variation in selected aromatic markers may skew 
431 
 
maturity trends depending upon the conditions under which the oil was 
generated. 
The δ13C ratios from the recovered oil were determined for the 
hydrothermal, anhydrous, and grain experiments at 380 °C.  These ratios were 
measured in the saturate, aromatic, resin, and asphaltene fractions.  Isotopic 
results indicate that maximum δ13C fractionation is occurring in the saturate 
fraction in oils recovered from both the grain and non-grain experiments.  This 
may indicate that the bulk of oil-cracking reactions are occurring in the saturate 
fraction.  This inference is supported by whole-oil gas chromatography of the 
recovered oils. Slightly more 13C fractionation has occurred in the resin fraction 
(relative to the original Smackover oil) when compared to the aromatic fraction 
of the degraded oils.  This may indicate that cracking reactions during pyrolysis 
may preferentially utilize NSO compounds relative to the aromatic molecules. 
Table 5.13 lists the concentrations of the diamondoid compounds in 
recovered oil from hydrothermal, anhydrous, and grain experiments at 380 °C.  
Recovered oil from the grain experiments contains lower amounts of total 
diamantane (3-methyldiamantane and 4-methyldiamantane) relative to the 
recoveries from the anhydrous and hydrothermal experiments.  Figure 5.48 
shows the correlation between the conversion of oil to gas (plus pyrobitumen) 
determined from mass balances recovered from the experiments and the 
concentration (ppm) of methyldiamantanes in the original and recovered oils. 
Results from the dolomite, hydrothermal 2mm-quartz grain, and illitic shale 
experiments deviate from this previously established trend (see Chapter 3) that 
indicated a strong correlation between methyldiamantane content and increase 
in experimental temperature. Actual oil conversions determined from these 
experiments range between 32.8 and 34.4 wt.%.  The degree of oil conversion 
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estimated by using methyldiamantane recovery for these same experiments 
ranges between 9.5 to 23.0 % (Figure 5.48).  Clearly, results from some of the 
grain experiments suggest that this methodology may not be appropriate in 
estimating relative oil maturity.  Why grain composition (or inherent 
experimental variation) significantly affects this trend needs to be explored 





























Three different types of crude oils were thermally degraded under 
hydrothermal and anhydrous pyrolysis conditions.  Results from these 
experiments were analyzed to compare the composition and quantity of gas and 
char generated during the experiments.  Differences in total gas yield and gas 
composition from a variety of natural oils provides critical information regarding 
maturation thresholds, calculations of total generated hydrocarbon, and 
pathways of oil degradation in subsurface environments. Table 6.1 lists the crude 
oils and their bulk characteristics.  The crude oils were selected based on 
geochemical properties which represent a range of oil types typically found in 
reservoir environments.   
Oil collected from the Smackover formation is considered high-sulfur and 
analyses of the bulk oil fractions indicate that the oil contains fairly low 
percentages of saturate hydrocarbons relative to aromatics.  Therefore, the oil is 
has by a low saturate/aromatic ratio of 1.3 (Table 6.1).  Source rocks which are 
thought to have generated the oil were deposited in anoxic and commonly 
hypersaline depositional environments (Weimer, et al., 1998). 
Oil from the Austin Chalk Formation is considered low-sulfur and contains a 









Morris 28-2 Unit 
API#   01-023-20128 
Choctaw County 
Alabama 
Sugar Ridge Field 
11563’ - 11618’ 
Smackover 
Formation 
Mines Unit #1 




TVD - 7388’ 
Horizontal: 7303’-10,201’ 
Austin Chalk 
Texaco D-1 Ute Tribal 





9251’ – 9251’ 
Wasatch Formation 
API Gravity 34.0 33.4 38.3 
Sulfur wt. % 1.7% 0.68% 0.55% 
C 15+ % recovered 68.7% 81.7% 92.3% 
wt.% saturates* 50.9% 59.5% 89.5% 
wt.% aromatics* 38.3% 21.8% 3.5% 
wt.% resins* 8.7% 17.6% 2.6% 
 wt.% asphaltenes* 2.1% 1.1% 4.4% 
saturate/aromatic 
          ratio 
1.3 2.7 25.7 
pristane/phytane 0.59 1.60 2.36 
CPI (n -C23 to n -C29)^ 0.92 1.15 1.01 
    
Note: Analyses run by Sara Rudzik and Augusta Warden, U.S.G.S. 
*  normalize wt.% of C15+ fraction 













horizons is generated from Eagleford source rocks (Grabowski, 1981).  Source 
rocks in the Eagleford Formation were deposited in marginal to deep marine 
environments in which both siliciclastic and carbonate source facies were 
developed. API gravities for oils from the Smackover and Austin Chalk 
Formations are similar, however, the low sulfur content in oil present in the 
Austin Chalk Formation allows for direct comparison of pyrolysis products 
generated from low and high-sulfur natural oils (Table 6.1)   
Oil produced from the Wasatch Formation is generated from source horizons 
within the Green River Formation.  Sulfur content in the oil is low, but due to the 
elevated amount of saturates relative to aromatics in the oil, the derived 
saturate/aromatic ratio is 25.7.  This ratio is considered to be extremely high and 
is typical of oils produced from the Green River Formation. Oil derived from the 
Green River petroleum system is generated from lacustrine depositional 
environments (Fouch, et al., 1994).  Pyrolysis of the Green River oil examines gas 
generation from a waxy, paraffinic oil. 
Schenk, et al. (1997) pyrolyzed oils derived from different source 
environments to determine kinetic parameters and onset of gas generation.  
Anhydrous pyrolysis experiments of oils derived from lacustrine, fluviodeltaic, 
and marine sources resulted in a range of frequency factors (A) and activation 
energies (Ea) for gas generation which were slightly higher in oils derived from 
lacustrine and fluviodeltaic environments relative to oils derived from marine 
sources. This suggests that under geologic time-temperature conditions, oil 
derived from marine sources may not be as thermally stable in the subsurface 
relative to oils generated from lacustrine and fluviodeltaic depositional 
environments.  Therefore, the onset of gas generation occurs at slightly lower 




Evaluation of n-alkanes generated from the thermal degradation of a neat C25 
compound, pyrolysis of oil generated from marine sources, and pyrolysis of an 
oil generated from terrestrial source rocks indicate that cracking mechanisms and 
sequences may be similar between oil derived from terrestrial source rocks and 
the neat compound (Mckinney et al., 1998).  Pyrolysis results from the thermal 
degradation of oil generated from marine source rocks indicate different reaction 
pathways relative to oils derived from terrestrial source rocks. 
Burnham et al. (1997) also concluded that the oil decomposition rate of a 
terrestrial, paraffinic-oil and a neat, n-alkane compound (hexadecane) were 
similar.  In addition, he determined that the decomposition rate for the 
paraffinic-oil and neat nC16 were substantially slower than the rate determined 
from typical marine and high-sulfur oils.  This would suggest that at similar 
geologic time/temperature thresholds, more gas might be generated from 
marine and high-sulfur oils than from terrestrial-sourced, paraffinic-rich oil. 
It should be noted that with the exception of Schenk et al. (1997), research 
from these studies analyzed the decomposition of the oil, not the amount or 
composition of the generated gas.  Direct measurement of generated gas from the 
thermal degradation of a variety of natural oils will provide a clearer 
understanding of which oil types generate elevated amounts of gas. 
 
Experimental Method  
 
 
Aliquots of Smackover, Austin Chalk, and Green River oils were pyrolyzed 
under anhydrous and hydrothermal conditions at 380 °C.  Care was taken to 




hydrothermal experiments, and roughly equivalent between the three anhydrous 
experiments.  Table 6.2 lists the six experiments along with the calculated initial 
headspace.  Initial headspace in the hydrothermal experiments varies by only 
25.3 cc.  However, headspace calculations for both the hydrothermal and 
anhydrous experiments involving the Green River oil are only approximations. 
This is due to the waxy and semi-solid nature of the oil at room temperature.   
Reactor measurements were difficult because the oil coated reactor walls and 
resulted in an uneven headspace/hydrocarbon interface.  Headspace differences 
between the hydrothermal Smackover and Austin Chalk experiments are 
minimal, only 9.5 cc (Table 6.2).  Measured variability in initial reactor headspace 
is larger for the anhydrous experiments.  However, the increase in variability is 
solely due to the Green River headspace calculation.  As discussed above, this 
calculation can only be considered an estimate.  
Table 6.3 shows that the desired temperature, standard deviation, and 
experiment run-time are similar between each hydrothermal/anhydrous 
experimental pair of the Smackover, Austin Chalk, and Green River oils. 
Comparison of the standard deviation in temperature between the hydrothermal 
and anhydrous experiments indicates that temperature deviation is low for all 
experiments, ranging between 0.2 to 0.8 ±°C (Table 6.3).  Unlike results from the 
grain experiments and initial hydrothermal and anhydrous experiments using 
Smackover oil, there is no evidence suggesting an improvement in temperature 
control for the hydrothermal experiments relative to the anhydrous experiments.  
This may be due, in part, to improved temperature control monitoring of later 
experiments.  These experiments were conducted when temperature monitoring 






Table 6.2     Comparison of reactor headspace for hydrothermal and anhydrous 
           experiments at 380°C – Smackover oil, Austin Chalk oil, and Green 

















      





Smackover oil 567.3 

















      
 
^  headspace in the reactor after loading material and prior to heating 
*  estimation of reactor headspace is approximate due to high wax content of oil which coated 


















Figure 6.1 illustrates the increase in pressure with increasing experimental 
run time.  These pressure curves are the result of the interplay between 
generated gas and available headspace within the reactor.  Headspace in the 
reactor is a function of the initial mass of oil loaded into the reactor, its thermal 
expansion at temperature, the amount and resultant vapor pressure of water (for 
hydrothermal runs), and the amount of oil converted to gas and char during the 
course of the experiment.  
The pressure increase for all three hydrothermal experiments using different 
types of oils is virtually identical (Figure 6.1). The amount of oil loaded into the 
reactor for all three experiments is similar, ranging between 145.9 to 149.2 g 
(Table 6.4).  Since the amount of deionized water loaded into the reactors was 
also similar, approximately185 g, the subtle differences in pressure are attributed 
to differences in gas generation and initial reactor headspace.  The highest gas 
yield was generated from the Green River oil experiment (Table 6.4)  Yields from 
the Smackover and Austin Chalk oil experiments differ by only 1.6 wt.%Oo,  just 
over the 1.0 wt.%Oo experimental variablity threshold determined for replicate 
Smackover experiments.  The final pressure generated from the Green River oil is 
4740 psig, slightly higher than 4680 and 4620 psig final pressures from the Austin 
Chalk and Smackover oil experiments, respectively.   
Given the fact that significantly more gas was generated from hydrothermal 
pyrolysis of the Green River oil relative to the other two hydrothermal oil 
experiments, higher final pressures should have been recorded from this 
experiment.  However, it is important to recall that the calculated headspace for 
the Green River oil experiment is an approximation. As it was calculated, there is 










Figure 6.1  Recorded pressure (psig) comparison between Smackover, Austin 



























































Green River  oil
replicate hydrothermal experiments - Smackover oil




Table 6.4     Total yields from anhydrous and hydrothermal experiments at 














      
hydrothermal 
Smackover oil 




HP 2876 393.8 65.1 19.7^2 14.6* 
hydrothermal 
Austin Chalk oil 
HP 2988 147.7 68.0 19.0 10.1 
anhydrous 
Austin Chalk oil 
 
HP 3186 394.8 70.5 16.6 12.2 
hydrothermal 
Green River oil 
HP 3225 149.2 60.6 23.6 15.7 
anhydrous 
Green River oil 
 
HP 3224 399.0 61.5 19.0 19.0 
 
+ yield expressed in terms of weight percent per gram of original oil (Oo) 
^ standard deviation of gas yield based on replicate experiments of Smackover oil is 1.0 wt.%Oo 
1   mean gas yield from replicate hydrothermal experiments is 21.1 wt.%Oo  
2 
  mean gas yield from replicate anhydrous experiments is 19.1 wt.%Oo 














6.2).  Based upon the pressure trends, it is likely that the headspace volume in the 
Green River hydrothermal experiment is larger than what was originally 
calculated (Figure 6.1). If the initial headspace volume was significantly larger 
relative to the Smackover and Austin Chalk hydrothermal experiments, then the 
increase in gas yield from the Green River experiment could be accommodated 
in the headspace and might produce final pressures similar to the other two 
hydrothermal experiments.   
In contrast, pressure trends for the three anhydrous experiments indicate 
some variability in the final pressures.  Anhydrous pyrolysis of the Smackover 
oil results in the highest final pressure (~ 3400 psig) relative to final pressures 
from the Austin Chalk and Green River oils (~ 3100 psig).  The amount of oil 
loaded into the reactor and resultant available headspace is virtually identical 
between the Smackover and Austin Chalk pyrolysis experiments (Tables 6.2 and 
6.4).  However, the Smackover oil experiment generated the highest gas yield of 
19.7 wt.%Oo relative to the gas yield of 16.6 wt.%Oo generated from the Austin 
Chalk experiment (Table 6.4).  This suggests that the pressure differences seen 
between Smackover and Austin Chalk oils are entirely due to increased gas 
generation from the anhydrous Smackover oil experiment (Figure 6.1). 
The similarity in pressure trends between the anhydrous Austin Chalk and 
Green River oil experiments is a function of differences in available headspace 
and gas generation. Gas yield from the Green River oil experiment is 19.0  
wt.%Oo, over 2.0 wt.%Oo higher than the gas yield from the Austin Chalk 
experiment.  The final pressures should also be higher given that the amount of 
oil loaded into the reactors for both experiments is similar (Table 6.4). However, 




approximation, the final pressures measured in this experiment are the result of 




Analysis of the generated gas produced from the hydrothermal and 
anhydrous experiments requires a comparison of the total gas yield, a discussion 
of the compositional variation in the generated gas produced from the pyrolysis 
experiments, and an analysis of the δ13C variation in the generated gas. 
Interpretation of generated gas results requires an integration of all three 
analytical components.  The significance of generated gas yields, compositional 
information, and isotopic results requires determination of experimental 
reproducibility and analytical variation.  Analytical results from the generated 
gas will be compared with results from the generated char and recovered oil 
from the hydrothermal and anhydrous pyrolysis experiments. 
 
   Total gas yield  
 
 
Total gas yields from the hydrothermal and anhydrous experiments for 
Smackover, Austin Chalk, and Green River oils at 380°C were calculated using 
the mass difference in reactor weight before and after gas collection from each 
experiment.  Yields from the experiments are expressed in terms of weight 
percent of original oil (wt.%Oo). Table 6.4 lists the hydrothermal and anhydrous 
experiments and indicates that the Smackover oil produced the highest gas yield 




yield from the hydrothermal experiments.    The lowest gas yields from all the 
hydrothermal and anhydrous experiments were generated from the Austin 
Chalk oil experiment. 
Replicate experiments conducted with Smackover oil indicated that total gas 
yield differences in excess of ± 1.0 wt.%Oo between hydrothermal and anhydrous 
experiments are significant.  Replicate experiments were not conducted using 
Green River and Austin Chalk oils due to the limited amount of natural oil 
available.  However, in the analysis of significant gas yield differences between 
the oil types, the threshold established by replicate experiments involving 
Smackover oil will be used. 
Absolute difference in gas yield between the Green River oil hydrothermal 
and anhydrous experiments is 4.6 wt.%Oo, 2.4 wt.%Oo between the Austin Chalk 
hydrothermal and anhydrous oil experiments, and 0.9 wt.%Oo for the Smackover 
hydrothermal and anhydrous experiments (Table 6.4).   Replicate hydrothermal 
and anhydrous experiments of Smackover oil produced a mean gas yield of 21.1 
wt.%Oo for the hydrothermal and 19.1 wt.%Oo for the anhydrous experiments 
(Chapter 3).  Therefore, the yield difference is actually 1.0 wt.%Oo. 
Figure 6.2 illustrates the relationship between the total yield (gas and char) 
generated from the Green River, Austin Chalk, and Smackover oils and the 
fraction of the total yield that is gas and that is char.  Differences in oil 
composition do not affect the previously established trend of increased gas 
generation from hydrothermal experiments relative to generation under 
anhydrous conditions. 
However, oil composition does affect the total yield (gas + char) generated 














Figure 6.2   Fraction of generated gas and char as a function of total yield from 
Smackover, Austin Chalk and Green River oils. Largest symbols represent results 
from the Smackover pyrolysis experiments.  The smallest symbols represent 











































Both the Austin Chalk hydrothermal and anhydrous experiments generated the 
lowest total yield relative to the Smackover and Green River oils (Figure 6.2).  
The fraction of the total yield comprised of gas generated during hydrothermal 
pyrolysis of Austin Chalk oil is 0.65.  The fraction of total yield which is 
comprised of char is 0.35. This is significantly different than the fraction of total 
hydrocarbon yield that comprises gas (0.58) and fraction that comprises char 
(0.42) generated from the anhydrous pyrolysis of Austin Chalk oil (Figure 6.2).  
The total gas and char yield generated under both experimental conditions is 
virtually identical, 29.1 wt.%Oo from the hydrothermal experiment and 28.8 
wt.%Oo from the anhydrous experiment (Table 6.4). 
In contrast, the total yields (gas + char) generated from the hydrothermal 
and anhydrous experiments using Smackover oil are different.  The 
hydrothermal experiment generated a total yield of 31.6 wt.%Oo; 2.7 wt.%Oo less 
than the total yield generated from the anhydrous experiment (Figure 6.2).  The 
reason for an elevated total yield from the anhydrous experiment is the increase 
in char generation (Table 6.4). The fraction of total yield that comprises gas (0.65) 
and char (0.35) under hydrothermal conditions using Smackover oil is identical 
to the fraction of total yield which is gas and char from hydrothermal pyrolysis 
of Austin Chalk oil.  In addition, the fraction of total yield which is gas and char 
under anhydrous conditions using Smackover oil is similar to the fraction of total 
yield comprising gas and char generated from the Austin Chalk oil under 
anhydrous conditions. 
 According to the diagram, the experiments using Green River oil generate 
the highest total gas and char yields (Figure 6.2).  In this case, the hydrothermal 
experiment generated the highest total yield of 39.3 wt.%Oo , approximately 1.3 




The anhydrous Green River oil experiment generated virtually identical gas and 
char yields.  This result is significantly different from the other two oil types. 
In summary, the hydrothermal Green River oil experiment generated the 
highest total gas yield (23.6 wt.%Oo) relative to the hydrothermal Austin Chalk 
and Smackover oil experiments.  Gas generated from the hydrothermal 
Smackover experiment is only 1.6 wt.%Oo higher than the yield generated from 
the hydrothermal Austin Chalk experiment.  This just exceeds the experimental 
variability threshold of ± 1.0 wt.%Oo.  Similar to previous results, the highest gas 
yields and lowest char yields are generated from the hydrothermal experiments.  
Gas yield from the Smackover and Green River anhydrous experiments are 
similar.  The lowest gas yield (16.6 wt.%Oo) was generated from the anhydrous 
Austin Chalk oil experiment.  Oil with an extremely high percentage of saturates 
(relative to aromatics) generated the most C1-C5 of all three oil types.  The high-
sulfur oil generated more gas than the low-sulfur oil.  
It is important to note that in the case of the high sulfur oil (i.e. Smackover), 
the hydrothermal experiment generated less total yield (gas + char) relative to 
the anhydrous experiment.  This difference is attributed to increased char 
production during the anhydrous experiment. Results from the Austin Chalk 
and Green River oil experiments indicate that higher total yields were generated 
from the hydrothermal experiments relative to the anhydrous experiments.   
      
   Gas composition results 
 
 
It is likely that different oil compositions will generate gas with significantly 
different molecular compositions and isotopic signatures.  All the experiments 




Table 6.5 lists the concentration of gas species produced from each experiment in 
mole %, wt.%Oo and in mmolesOo. As determined from previous experiments 
involving Smackover oil, the experimental sensitivity in weight % is ±1.0 per 
gram of original oil. In absolute units this equates to ± 0.05 mmoles per gram of 
original oil.  
Analysis of the gas species recovered from both the hydrothermal and 
anhydrous pyrolysis of Green River oils and anhydrous Austin Chalk 
experiments indicate significant differences in the concentration of C1 and C2 
relative to results reported from the Smackover and hydrothermal Austin Chalk 
experiments.   For example, HP 2988 (hydrothermal-Austin Chalk), generated 
56.37 mole% of C1, much higher than the 21.60 mole% of C1 generated from HP 
3186, the anhydrous Austin Chalk experiment. As a consequence of the disparity 
in reported compositional results, verification of sample cylinder and analytical 
integrity was necessary to determine if compositional results from these 
experiments are reasonable.   
In general, large concentrations of oxygen, nitrogen, and argon measured in 
gas recovered from the sample cylinders would indicate a leaking valve.   
These concentrations were not present in the GC data from the Smackover, 
Austin Chalk, and Green River oil experiments.  An additional method to 
determine cylinder integrity utilizes the recovered gas mass in the Ideal Gas 
Law, PV=nRT (see Chapter 2 for discussion).  The mole% concentrations of the 
gas species are used to determine the recovered gas mass. This calculation is 
compared with the actual recovered gas mass from each experiment to ascertain 






Table 6.5      Gas yields for Smackover, Austin Chalk and Green River oils 
  
Smackover oil       
 HP 2877 - hydrothermal   HP 2876 – anhydrous  
gas species mmolesOo^ wt.%Oo^ mole%^ mmolesOo^ wt.%Oo^ mole%^ 
H2 0.17 0.03 2.44 0.06 0.01 0.84 
CO2 0.19 0.83 2.66 0.00 0.00 0.02 
H2S 0.06 0.21 0.86 0.08 0.27 1.20 
C1 3.43 5.50 48.31 2.86 4.58 42.58 
C2 1.80 5.41 25.34 1.94 5.83 28.91 
C3 0.89 3.91 12.45 1.17 5.16 17.43 
n-C4 0.21 1.20 2.91 0.28 1.62 4.16 
i-C4 0.11 0.67 1.61 0.15 0.90 2.30 
n-C5 0.05 0.36 0.70 0.06 0.42 0.87 
i-C5 0.04 0.27 0.53 0.05 0.33 0.68 
total # mmoles+  7.10   6.71   
Austin chalk oil      
 HP 2988 - hydrothermal   HP 3186 – anhydrous  
gas species mmolesOo^ wt.%Oo^ mole%^ mmolesOo^ wt.%Oo^ mole%^ 
H2 0.00 0.00 0.00 0.00 0.00 0.03 
CO2 0.14 0.54 1.84 0.01 0.03 0.12 
H2S 0.00 0.00 0.15 0.04 0.13 0.77 
C1 4.38 6.04 56.37 1.11 1.79 21.60 
C2 2.19 5.65 28.11 1.99 5.98 38.55 
C3 0.75 2.85 9.69 1.36 6.07 26.67 
n-C4 0.14 0.72 1.84 0.31 1.78 5.94 
i-C4 0.08 0.42 1.08 0.18 1.06 3.53 
n-C5 0.02 0.15 0.31 0.06 0.41 1.10 
i-C5 0.02 0.15 0.31 0.06 0.37 1.00 
total # mmoles+ 7.78   5.16   
Green River oil       
 HP 3225 - hydrothermal   HP 3224 - anhydrous  
gas species mmolesOo^ wt.%Oo^ mole%^ mmolesOo^ wt.%Oo^ mole%^ 
H2 0.07 0.01 0.94 0.03 0.01 0.45 
CO2 0.11 0.52 1.60 0.03 0.14 0.52 
H2S 0.01 0.02 0.08 0.00 0.01 0.07 
C1 1.81 3.03 25.54 1.94 3.12 31.59 
C2 2.04 6.42 28.85 1.99 5.98 32.30 
C3 1.98 9.14 28.00 1.43 6.29 23.20 
n-C4 0.56 3.41 7.92 0.38 2.20 6.15 
i-C4 0.25 1.54 3.59 0.18 1.04 2.94 
n-C5 0.09 0.71 1.33 0.07 0.52 1.17 
i-C5 0.07 0.50 0.94 0.05 0.36 0.81 
total # mmoles+ 
 
7.07   6.15   
^  yields include vented gas and yields are calculated per mass of original oil   
+   total number of moles includes all analyzed gas species up through n-heptane 




Figure 6.3 is a cross-plot of the calculated gas mass from molecular 
concentrations and the actual mass of gas collected from each experiment 
(determined by differences in reactor weight).   The calculated mass and 
measured mass are approximately equal (Figure 6.3).  There is no significant 
deviation from unity on the plot.  If the recovered and calculated mass were 
significantly different, this would indicate a possible sample cylinder leak. 
The GC instrument was checked for blockages in the sample inlet ports, the 
standard references gases were checked for contamination, an internal check on 
calibration using methane and ethane concentrations from both the FID (flame  
ionization detector) and TCD (thermal conductivity detector) were conducted, 
and the raw traces were summed to verify 100% recovery.  These procedures 
indicated that the analytical instrumentation was working correctly.  As a final 
check, several of the collection gas cylinders were re-analyzed to check 
reproducibility of gas analyses.  The gas species concentrations were similar 
between duplicate analyses indicating instrument precision and reliability.  
Even though analysis of the analytic instrumentation and reproducibility 
indicated no obvious problems in compositional integrity, it is unclear why 
results from the two Austin Chalk oil experiments should be so different 
regarding the C1 – C2 values.  Until replicate experiments can be completed, 
conclusions regarding compositional gas differences between oil types should be 
considered preliminary.  
Figure 6.4 compares the differences in absolute yield from hydrothermal 
experiments using Smackover, Austin Chalk and Green River oils.  The diagram 
indicates that different oil types will generate different concentrations of 










Figure 6.3  Comparison of the calculated gas mass determined by PV = nRT 
using compositional GC data with the actual mass of gas collected and vented at 
the completion of the oil experiments.  This methodology is used to assess gas 
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Figure 6.4  Comparison of the concentrations (mmoloesOo) of hydrocarbon and 
non-hydrocarbon gas species from hydrothermal experiments using Smackover, 














- Austin Chalk oil





iC5 between the Smackover and Austin Chalk oils are within the 0.04-0.05 
mmolOo standard deviation determined from analytical variability.  In general, 
concentrations analyzed in the generated gas from the hydrothermal Green River 
pyrolysate are significantly different from the hydrothermal Smackover and 
Austin Chalk pyrolysates, with the exception of C2, nC5 and iC5.  Methane 
concentrations are similar between the Smackover and Austin Chalk oils, with 
much lower concentrations reported from the Green River oil.   
As previously discussed, until replicate experiments using Green River and 
Austin Chalk oils can be run, these compositional differences should be 
considered preliminary.  It is interesting to note that species concentrations of iC5 
and nC5 are low and do not vary significantly in all three oil types.  
Yield differences reported for the non-hydrocarbon gases are significant 
between the hydrothermal Smackover, Austin Chalk, and Green River 
pyrolysates (Figure 6.4).  The concentration of molecular hydrogen is highest in 
the generated gas collected from the Smackover oil.  The lowest concentration of 
molecular hydrogen, 0.01 mmolOo, was generated from the Austin Chalk oil 
experiment. All of the experiments involving the three oil types generated gas 
that contained elevated amounts of CO2 relative to the other non-hydrocarbon 
gases.  Gas generated from the Smackover oil experiment contained the highest 
concentrations of CO2 followed by gas generated from the Austin Chalk and 
Green River oil experiments (Figure 6.4).  The Smackover oil experiment 
generated the only significant amount of H2S relative to the other oil 
compositions.  As the Smackover oil contains high sulfur concentrations (Table 
6.1), higher yields of H2S should be expected. 
There is less variability in gas composition reported from anhydrous 




under hydrothermal conditions (Figure 6.5).   The concentrations of C2 – iC5 are 
similar in the generated gas from all three oil experiments.  A higher methane 
concentration from the Smackover oil relative to the Austin Chalk and Green 
River oils needs to be confirmed with additional experiments.   
Variability is higher in reported non-hydrocarbon gas concentrations 
(relative to hydrocarbon concentrations) between the anhydrous experiments. 
However, variation in molecular hydrogen generated from the Austin Chalk and 
Green River oil experiments is within the standard deviation of ± 0.4-0.5 
mmolOo.  CO2 generation from all three anhydrous oil experiments is minimal 
(Figure 6.5).  Anhydrous pyrolysis of Smackover oil generated the highest 
amount of H2S relative to the Austin Chalk and Green River oils.  The H2S 
concentration of 0.04 mmolOo reported in gas generated from the Austin Chalk 
experiment may be an analytical artifact since it is within the standard deviation 
(Table 6.5). 
In summary, direct compositional comparison of the Smackover, Austin 
Chalk, and Green River oil experiments is problematic due to significant 
divergence in reported C1-C2 values.  The highest concentrations of CO2 were 
generated from the hydrothermal experiments utilizing all three oil types.  This 
is similar to results from previous experiments discussed in Chapters 3, 4, and 5.  
The highest concentrations of H2S were generated from hydrothermal and 
anhydrous pyrolysis of Smackover oil.  Negligible amounts of H2 were generated 
from both the Austin Chalk hydrothermal and anhydrous experiments while the 
largest concentrations of H2 were generated from both the Smackover oil 
experiments.    
Concentrations of C3 – C5 measured in the hydrothermal oil experiments 













Figure 6.5  Comparison of the concentrations (mmoloesOo) of hydrocarbon and 
non-hydrocarbon gas species from anhydrous experiments using Smackover, 
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hydrothermal experiments was generated from Austin Chalk oil (Figure 6.4). The 
lowest concentrations of C3, nC4, iC4, nC5, and iC5 were measured from this 
experiment.  Conversely, the highest gas yield was generated from the 
hydrothermal Green River experiment and the highest concentrations of C3 – C5 
were measured from this experiment.  
      
      Isotopic results  
 
Isotopic data derived from the Smackover, Austin Chalk and Green River oil 
experiments were compared using a Chung plot.  Standard deviations based 
upon repeat analyses range from 0.4 – 1.2‰. 
Figure 6.6 portrays the δ13C ratios of gas from the hydrothermal and 
anhydrous experiments by the inverse of the carbon number (C1 = 1, C2 = 0.5, 
etc.)  This presentation allows discernment of oil types and differences in 
fractionation, a methodology for determining amount of microbial mixing in the 
gas, and a methodology to predict the original oil source δ13C ratio prior to 
thermal degradation (Chung et. al., 1988) 
Isotopic ratios from the gas samples generated from all oil types are 
isotopically enriched in 13C as carbon number increases (Figure 6.6).  Each oil 
composition generates hydrothermal and anhydrous C2 – C5 δ13C ratios that 
distinctly cluster.   The C1 isotopic values determined in gas generated from the 
hydrothermal Smackover and Austin chalk pyrolysates are depleted in 13C 
relative to the C1 values determined from the anhydrous experiments.  For 
example, the C1 δ13C ratio generated from the hydrothermal experiment is 
depleted in 13C by 4.33 ‰ relative to the C1 value derived from anhydrous 














Figure 6.6  Methane, ethane, propane, butane and pentane δ13C isotopic values 
for hydrothermal and anhydrous pyrolysis of Smackover, Austin Chalk, and 
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per mil (‰) 
difference 
Smackover HP 2876 - anhydrous  HP 2877 - hydrothermal  
     
δ13C methane -41.74  -46.07  
δ13C ethane -31.08 -10.66 -29.63 -16.44 
δ13C propane -28.31 -2.77 -27.25^ -2.38 
δ13C n-butane insufficient  insufficient  
     
     
δD methane -209.81  -284.26  
δD ethane -126.43 -83.38 -208.97 -75.29 
δD propane -77.90 -48.53 -167.25 -41.72 
Austin Chalk HP 3186 – anhydrous  HP 2988 – hydrothermal  
     
δ13C methane -44.30  -52.04  
δ13C ethane -38.47 -5.83 -38.07 -13.97 
δ13C propane -34.53 -3.94 -33.65 -4.42 
δ13C n-butane -30.92 -3.61 insufficient  
δ13C n-pentane -27.74 -3.18 insufficient  
Green River HP 3224 - anhydrous  HP 3225 - hydrothermal  
     
δ13C methane -48.81  -48.83  
δ13C ethane -41.75 -7.06 -41.92 -6.91 
δ13C propane -37.83 -3.92 -37.42 -4.50 
δ13C n-butane -33.86 -3.97 -33.44 -3.98 
δ13C n-pentane -29.97 -3.89 -29.76 -3.68 
     
 
^ - due to higher than normal standard deviation of repeat values and small sample, value is  










As previously in Chapters 3 and 4, C2 and C3 ratios determined in the generated 
gas from hydrothermal pyrolysis of Smackover oil are slightly enriched in 13C 
relative to the results from anhydrous pyrolysis.   
In comparison, the degree of fractionation in C1 ratios between hydrothermal 
and anhydrous pyrolysis of Austin Chalk oil significantly increases to 7.73 ‰.  
δ13C ratios of C2 and C3 derived from hydrothermal and anhydrous pyrolysis of 
Austin Chalk oils are similar (Figure 6.6).   
δ13C ratios determined in the generated gas from both hydrothermal and 
anhydrous pyrolysis of Green River oil are nearly identical (Figure 6.6).  There is 
no difference in C1 values determined from both experiments using Green River 
oil.  δ13C of C1 is enriched in 13C by 3.23 ‰ relative to the ratio determined in the 
generated gas from the hydrothermal Austin Chalk experiment but depleted in 
13C by 2.74 ‰ relative to the gas generated from the hydrothermal pyrolysis of 
Smackover oil. 
Isotopic values derived from the hydrothermal and anhydrous pyrolysis of 
Green River oil do not indicate any fractionation of C1.  This suggests that 
cracking reactions generating methane are utilizing similar alkane precursors.  C1 
fractionation in the generated gas between hydrothermal and anhydrous 
pyrolysis of Smackover and Austin Chalk oil may indicate that different 
sequences of cracking reactions and alkane precursors are involved when oil is 
pyrolyzed under hydrothermal conditions.  Figure 6.6 also substantiates 
previous pyrolysis research which indicated that oils of different compositions 
will generate gas with different δ13C ratios and degree of isotopic fractionation 









Analysis of char generated from the Smackover, Austin Chalk, and Green 
River experiments requires a comparison of the total char yield produced from 
each experiment, an analysis of variation in elemental composition, and a 
comparison of the δ13C results from each experiment.    A comparison of 
generated gas and char results is also necessary in analyzing specific differences 
between oil composition and implications regarding the extent and type of 
cracking reactions involved. 
 
     Total char yield  
 
 
Total char yields for the Smackover, Austin Chalk, and Green River oil 
experiments were determined using differences in reactor body mass before and 
after cleaning. The mass of filter char (char dislodged from decanting) and 
reactor head char was added to the wall and bottom char to determine the total 
char yield from each experiment. All experiments were conducted at 380 °C.  
The Green River experiment generated significantly more char than the 
Austin chalk and Smackover oil experiments (Figure 6.7).   As was discussed in 
Chapters 3, 4, and 5, the hydrothermal experiments generated less char relative 
to the anhydrous experiments.  Variation in oil composition does not change this 
relationship.  However, hydrothermal pyrolysis of Green River oil generated 15.7 
wt.%Oo char (Table 6.4).  This char yield is greater than the anhydrous yields of 
the Smackover and Austin Chalk oil experiments by at least 1.1 wt.%Oo. 















Figure 6.7  Comparison of the hydrothermal and anhydrous char yields 
(wt.%Oo) from the Smackover, Austin Chalk, and Green River pyrolysis 




























because they exceed the ± 0.2 wt.%Oo standard deviation established by replicate 
experiments of Smackover oil (Chapter 3).   
Oil composition affects the amount of char generated during the pyrolysis 
experiments.  The Green River oil contains the largest amount of saturates (wt.%) 
along with the highest calculated saturate/aromatic ratio relative to the 
Smackover and Austin Chalk oils (Table 6.1).  The Green River oil experiments 
generated the largest amount of char.  The hydrothermal and anhydrous 
experiments using Austin Chalk oil generated the lowest char yields for each of 
the experimental conditions relative to the other oil experiments (Figure 6.7).   
This oil contains 59.5 wt.% saturates, higher than the saturate content of the 
Smackover oil but significantly less than the saturate content of the Green  
River oil (Table 6.1).  The low-sulfur content and the elevated concentration of 
resins contained in the Austin Chalk oil are significantly different than the sulfur 
and resin content of the Smackover oil.  The Green River oil contains the lowest 
resin and asphaltene content of all the oils.  However, it generated that largest 
amount of char.  This suggests that carbon-carbon bond cross-linking is affected 
by elevated saturate content and maturity of the oil.  
      
   Elemental composition 
 
 
Elemental analyses of char recovered from the Smackover, Austin Chalk, and 
Green River oil experiments were compared using normalized values in  
weight percent and calculated mole fractions. The atomic ratio is reported in 
mole fraction relative to carbon, where the normalized values are divided by the 
corresponding elemental atomic weight to determine the number of moles 


















nitrogen (N), oxygen (O), and sulfur (S) in normalized weight percent, the 
original unknown residual from each analysis, and the calculated mole fractions 
H/(H+C), O/(O+C), N/(N+C), and S/(S+C).  The elemental data are normalized 
to 100% excluding the unknown residual percentage.  The unknown residual 
fraction comprises elements not identified as C, H, N, O, or S.   
Precision of the Carlo Erba 2500 EA instrument is approximately 1% of 
reported C, H ,N ,O , and S values in weight percent.  Based on the resultant char 
values, the standard deviation of the calculated mole fractions is ± 0.004 (Tables 
6.7a ).   
Carbon comprises the bulk of recovered char, with residual amounts of 
hydrogen and almost negligible amounts of nitrogen and sulfur from the Austin 
Chalk and Green River oil experiments.  Recovered char from the Green River oil 
experiment contains significant amounts of oxygen, ranging between 1.85 and 
2.89 wt.% (Table 6.7b). Relative to char recovered from the Smackover and 
Austin Chalk experiments, recovered char from the Green River experiment is 
the only one to contain significant amounts of oxygen.  As was discussed in 
Chapter 3, char recovered from the Smackover oil experiment contains carbon, 
residual amounts of hydrogen and sulfur, and negligible amounts of nitrogen 
and oxygen.   
In general, the only significant differences in recovered char are the higher 
concentrations of sulfur generated from the Smackover oil experiment and 
higher concentrations of oxygen generated from the Green River oil experiment 
(Tables 6.7a and 6.7b).  The amount of carbon recovered in all three oil 
experiments is similar.  The weighted average for carbon varies between 88.74 to 
91.47 wt.% in chars from all three oil experiments.  The amount of hydrogen in 




between 4.35 to 4.67 wt.%., which barely exceeds the standard deviation of ± 0.2 
wt.%Oo.  Differences in C, H, N, O, and S amounts in recovered char between 
hydrothermal and anhydrous experimental conditions are not significant. 
These relationships are illustrated using the atomic ratios derived from the 
elemental char analyses.  Figure 6.8 depicts the mole fraction comparison for the 
hydrothermal experiments.  The H/(H+C) mole fractions are roughly equivalent 
for all three experiments. However, O/(O+C) ratio derived from the Green River 
oil experiment is significantly elevated relative to results from the Smackover 
and Austin Chalk experiments.  The S/(S+C) mole fraction calculated from 
elemental analyses of recovered char generated  from the Smackover oil 
experiment is significantly higher than the negligible values determined in chars 
from the Austin Chalk and Green River oil experiments (Figure 6.8).  N/(N+C) 
ratios are identical between the Smackover and Austin Chalk experiments,  and 
also just exceed the analytical variation of ±0.004.  The N/(N+C) mole fraction 
determined in recovered char from the Green River oil experiment is 
significantly higher relative to the values determined from the Smackover and 
Austin Chalk oil experiments. 
Results from the anhydrous experiments using Smackover, Austin Chalk and 
Green River oils indicate similar patterns of an elevated S/(S+C) ratio in char 
generated from the Smackover oil experiment and an elevated O/(O+C) ratio in 
char from the Green River oil experiment (Figure 6.9).  There is less variability in 
the H/(H+C) mole fractions in chars generated under anhydrous conditions 
relative to the respective hydrothermal oil experiments.  As was the case in the 
hydrothermal Green River oil experiment, a slight increase in N/(N+C) mole 
fraction also occurs under anhydrous conditions in chars generated from the 













Figure 6.8  Mole fractions determined from recovered char generated from 
hydrothermal pyrolysis of Smackover, Austin Chalk, and Green River oils at 
380°C.  H/(H+C) mole fractions plotted using scale on left, S/(S+C), O/(O+C), 
and N/(N+C) mole fractions plotted using scale on right.  All values were 




















































Figure 6.9  Mole fractions determined from recovered char generated from 
anhydrous pyrolysis of Smackover, Austin Chalk, and Green River oils at 380°C.  
H/(H+C) mole fractions plotted using scale on left, S/(S+C), O/(O+C), and 
N/(N+C) mole fractions plotted using scale on right.  All values were calculated 












































 In summary, the elevated sulfur content in the char produced from the 
Smackover experiment is significant.  Labile sulfur generated from cracking 
reactions during the high-sulfur oil experiment is being incorporated in the char 
relative to chars recovered from low-sulfur oil experiments (Austin Chalk and 
Green River).  A significant increase in oxygen and nitrogen content of generated 
chars recovered from the Green River oil experiment may be the result of an 
increase in decarboxylation reactions in which more oxygen is available to be 
incorporated into the char or conversely, because less oxygen is needed during 
cracking, the polymerization of heteroatoms forms char with increased oxygen 
content.   
    
    Isotopic results 
 
 
Chars collected from different positions within the reactor were analyzed for 
δ13C values from the Smackover, Austin Chalk, and Green River oil experiments 
at 380 °C.  These values along with the calculated weighted average are listed in 
Table 6.8. A weighted average from each experiment was calculated by 
determining the amount of char recovered from each position.  The relative 
proportionality was assigned to each δ13C value and then summed to determine 
the weighted average.  This proportionality is also listed in Table 6.8.  Instrument 
sensitivity for the char analyses using the MicroMass Optima mass spectrometer 
was determined to be ± 0.30 ‰.   
Figure 6.10 illustrates how the δ13C isotopic values analyzed from char 
produced in the oil experiments vary according to hydrothermal and anhydrous 
experimental conditions.  The isotopic value of the whole-oil is included for 




Table 6.8      Carbon isotopic values for recovered char for Smackover, Austin    







mass fraction  
    
Smackover experiments    
HP-2876 anhydrous    
wall char  -24.08 0.279 
bottom char  -24.41 0.450 
filter char  -24.01 0.010 
head char  -24.39 0.261 
weighted average^  -24.31  
    
HP-2877 hydrothermal    
wall char  -24.21 0.543 
bottom char  -24.58 0.426 
filter char  -24.47 0.031 
weighted average^  -24.38  
    
Austin Chalk experiments    
HP-3186 anhydrous    
wall char  -27.61 0.650 
bottom char  -27.77 0.350 
weighted average^  -27.67  
    
HP-2988 hydrothermal  -  
wall char  -27.82 0.612 
bottom char  -27.66 0.388 
weighted average^  -27.76  
    
Green River experiments    
HP-3224 anhydrous    
wall char  -30.58 0.150 
bottom char  -30.31 0.400 
composite char  -30.64 0.450 
weighted average^  -30.50  
    
HP-3225 hydrothermal    
wall char  -30.48 0.325 
bottom char  -30.33 0.491 
filter char  -30.12 0.184 
weighted average^  30.34  
    
















Figure 6.10  Comparison of the δ13C ratios in generated chars from hydrothermal 
and anhydrous pyrolysis of Smackover, Austin Chalk, and Green River oils.  



























between generated chars from the Smackover, Austin Chalk, and Green River 
experiments.  Isotopic char values from the Green River oil experiments are 
depleted in 13C by over 6.0 ‰ than δ13C ratios in chars generated from the 
Smackover oils, and depleted in 13C by over 2.5 ‰ relative to chars generated 
from the Austin Chalk oils (Table 6.8).  These differences exceed the ± 0.30 ‰ 
standard deviation determined from instrument sensitivity of the mass 
spectrometer. 
However, there are no significant differences in δ13C ratios between 
hydrothermal and anhydrous experiments for each oil (Figure 6.10).  Maximum 
variation between experimental conditions occurs in chars generated 
by the Austin Chalk oil.  However, the difference, less than 0.10 ‰, is less than 
the standard deviation of ± 0.30 ‰.   
There are no significant differences in δ13C ratios between the original whole-
oil isotopic values and ratios determined from the generated char.  This implies 
that minimal fractionation is occurring between the oil and chars.  Therefore, the 
carbon may be incorporated in the char via cross-linking reactions rather than 






Analysis of the thermally degraded, recovered oil from the anhydrous and 
hydrothermal experimental pairs of from Smackover, Austin Chalk, and Green 
River oils provides crucial linkage between hydrocarbon products generated 
during the experiments and the original oil. Comparison of the bulk properties of 




and relative intensities of saturate and aromatic compounds provide information 
regarding which compounds have preferentially degraded to form gas and char 
during the pyrolysis experiments.  
 
   Total recovered oil 
 
 
The total amount of recovered oil from the hydrothermal and anhydrous 
experimental pairs of the Green River, Austin Chalk and Smackover oils was 
determined by reactor mass differences before and after decanting the oil, and 
water if present, from the reactor body.   Calculation of weight percent of the 
recovered oil is relative to the mass of original oil (Oo) loaded into the reactor 
prior to the experiment. 
Table 6.4 lists the mass of original oil used in the 380°C experiments as well 
as the weight percent (Oo) of oil recovered after completion of experiment.  Oil 
recoveries range from 70.5 wt. %Oo for the anhydrous Austin Chalk experiment 
to 60.6.%Oo for the hydrothermal Green River experiment.  The lowest oil 
recoveries are from the hydrothermal and anhydrous Green River pyrolysis 
experiments which generated the highest yields of gas and char relative to the 
other oil experiments.  As has been previously discussed in Chapters 3, 4, and 5, 
lower oil recoveries are the result of increased generation of gas and/or char. 
Figure 6.11 illustrates that lower oil recoveries were collected from the 
hydrothermal experiments (relative to the anhydrous) from the Green River and 
Austin chalk experiments.  In contrast, the lowest oil recovery was collected from 
the Smackover oil (high-sulfur) anhydrous experiment.  While the hydrothermal 















Figure 6.11  Comparison of total yields (gas +char) relative to recovered oil from 
hydrothermal and anhydrous experiments using Green River, Austin Chalk and 
Smackover oils.  All yields reported in weight percent per mass of original oil 





































































experiment, significantly more char was generated from the Smackover 
anhydrous experiment.  This results in a larger (gas+char) total yield from the 
anhydrous Smackover oil experiment with a concurrent lower oil recovery 
relative to the hydrothermal Smackover experiment. 
It is interesting to note that while Green River and Smackover oils generated 
more gas relative to the Austin Chalk oil, the proportionality of the amount 
generated as gas relative to char collected from the Austin Chalk experiments is 
virtually identical to generation from the Smackover oil experiments (Figure 6.2). 
Figure 6.11 illustrates the significant difference in total yield (gas + char) 
generated from the Green River oil experiment.  While the highest gas yield from 
all oil types (23.6 wt.%Oo) was generated from the hydrothermal Green River 
experiment, the amount of gas generated under anhydrous conditions is not 
significantly different than gas generated from the anhydrous Smackover oil 
experiment (Table 6.4).  The reason for the significant increase in total yield from 
the Green River experiments relative to the other two oil types is due to a 
significant increase in char generation coupled with elevated gas generation. 
 
 
    Physical properties of recovered oil  
 
 
Oil recovered from pyrolysis experiments at 380 °C from hydrothermal and 
anhydrous Green River, Austin Chalk, and Smackover oils was analyzed to 
measure the API gravity, sulfur weight percent, weight percent of C15+ recovered, 
and the saturate/aromatic ratio.  These parameters define the basic physical 




The saturate to aromatic ratio is defined as the saturate fraction of the oil divided 
by the aromatic fraction.  This is a bulk physical parameter used to track 
aromatization of the oil with increasing thermal maturity.   
Table 6.9 lists the API gravity of the original Green River, Austin Chalk, and 
Smackover oils used in the experiments along with the pyrolysate recovered 
from the anhydrous and hydrothermal experiments.  The API gravities of the 
Austin Chalk and Smackover original oil are similar while the original Green 
River °API is higher.   
For each oil type, the anhydrous pyrolysate is at least 7.4 °API higher than 
the original oil.  For anhydrous pyrolysates generated from the Austin Chalk and 
Green River oils, the API gravities are higher by 9.6 and 9.5 °API, respectively.  
Gravities determined from the hydrothermal pyrolysates are higher by 2.3 to 6.4 
°API (Table 6.9). The original oils and pyrolysates are considered light crude 
(<31.0 °API), however, the pyrolysate recovered from anhydrous pyrolysis of 
Green River oil is bordering condensate range, (< 50.0°API).   
Figure 6.12 depicts the concentration of C15+ bulk oil fraction recovered in the 
original oil and pyrolysates for each oil type.  It is apparent that not only does the 
original Smackover oil contain the lowest concentration of C15+ relative to the 
other oil types, both the hydrothermal and anhydrous pyrolysate from the 
Smackover experiments contain significantly lower concentrations of the heavier 
oil constituents relative to the Austin Chalk and Green River oils.  It is also 
apparent that the C15+ fraction in the recovered oil from the anhydrous 
Smackover oil experiment is significantly less (9.1%) than what was recovered 






Table 6.9     Bulk oil properties of original, anhydrous, and hydrothermal  
           pyrolysis of Green River, Austin Chalk, and Smackover oils 
 
 










     
Smackover oil* 34.0 1.70 68.7 1.33 
     
HP 2876     
   anhydrous 41.38 1.61 25.0 0.15 
HP 2877     
   hydrothermal 36.25 1.70 34.1 0.13 
     
 Austin Chalk oil1                 
  
      33.40        0.68        81.7              2.70 
HP 3186     
   anhydrous 43.01 0.25 71.8 1.00 
HP 2988     
   hydrothermal 39.79 0.28 73.2 1.33 
     
Green River oil2       38.30        0.55        92.3             25.70 
     
HP 3224     
   anhydrous 47.76 0.21 73.3 1.75 
HP 3225     
   hydrothermal 41.17 0.21 70.9 1.33 
     
     
 
*  Smackover oil sampled from Sugar Ridge field  
^  C15+ hydrocarbon recovery as a percentage of whole oil sample, includes saturate, aromatic 
     resin, and asphaltene fractions   
1  Austin chalk oil sampled from Giddings Field  




















Figure 6.12  C15+ weight percent bulk fractions of the Green River, Austin Chalk, 
and Smackover oils plotted using °API gravity for reference.  The original oil and 
pyrolysates from the hydrothermal and anhydrous experiments for each oil type 















































The original Green River oil contains the largest fraction of C15+, 92.3% C15+, 
relative to the other oil types.  There is a significant decrease in concentration of 
C15+ in the hydrothermal and anhydrous pyrolysates from the Green River oil 
experiments.  While the decrease in concentration is not as dramatic as that 
recovered from Smackover pyrolysates, the C15+ concentration is reduced by 
approximately 20% in both degraded oils recovered from the hydrothermal and 
anhydrous experiments (Figure 6.12).  Unlike the trend determined from the 
Smackover pyrolysates in which the lowest C15+ concentration was measured 
from the anhydrous experiment, the C15+ concentration is slightly higher in the 
pyrolysate from the anhydrous Green River experiment. 
Recovered oil from the Austin Chalk oil experiments contained C15+ 
concentrations which differ from the original oil by less than 10.0 percent.  Of all 
three oil types, pyrolysis of the Austin Chalk oil produced the least amount of 
change in C15+ concentration in hydrothermal and anhydrous pyrolysates. 
Concentration of the heavier oil fraction is slightly higher in the degraded oil 
recovered from the hydrothermal oil experiment (Figure 6.12). 
As expected from oil types which are significantly different in composition, 
the calculated saturate/aromatic ratios reflect not only compositional differences 
but also which bulk oil constituents (saturates, aromatics) degrade and 
accumulate in the resultant pyrolysate (Figure 6.13).  This bulk parameter is often 
used as a general descriptor of the oil but is also may be reflective of complex 
cracking and accumulation interactions. 
The saturate/aromatic ratios determined from the Green River original oil 
and pyrolysates confirm the presence of elevated concentrations of paraffinic, n-
alkanes in which the saturate fraction comprises 89.5% of the C15+ fraction (Table 













Figure 6.13  Saturate/aromatic ratio determined from the Green River, Austin 
Chalk, and Smackover oils are plotted using °API gravity for reference.  The 
original oil and pyrolysates from the hydrothermal and anhydrous experiments 


























































































aromatic fraction) from 25.70 in the original oil to approximately 1.34 in the 
hydrothermal and anhydrous pyrolysates indicates removal of saturates in vapor 
phase (or cracking C15+ saturates into shorter-chainhomologs). This relationship 
will be discussed in the next section concerning saturate, aromatic, resin, and 
asphaltene fractions recovered from the three oil types. While the API gravity is 
significantly higher in the pyrolysate recovered from the anhydrous experiment, 
the saturate/aromatic ratios are virtually identical between the hydrothermal 
and anhydrous experiments (Figure 6.13). 
In comparison, the saturate/aromatic ratio determined from the original 
Smackover oil is much lower and reflects a larger concentration of aromatics 
(approximately 39.3%) in the C15+ fraction (Table 1.2).   Calculated 
saturate/aromatic ratios determined from the hydrothermal and anhydrous 
pyrolysates of the Smackover oil are very low (Figure 6.13).  This indicates 
removal of saturates in vapor phase (or cracking C15+ saturates into shorter-chain 
homologs) in conjunction with stabilization of aromatic compounds (or an 
increase in aromatic concentration) in the degraded oil.  As was the case in the 
hydrothermal and anhydrous experiments involving Green River oil, the 
saturate/aromatic ratios determined in the hydrothermal and anhydrous 
pyrolysates of the Smackover oil are virtually identical (Table 6.9). 
The saturate/aromatic ratio determined from the original Austin Chalk oil is 
higher than that determined for the original Smackover oil, but much lower than 
the original Green River oil.  Approximately 60.0% of the C15+ fraction of the 
original Austin Chalk oil is composed of saturates, however, almost 18.0% is 
comprised of NSO compounds (Table 1.2).  The original Austin Chalk oil 
contains the highest concentration of NSO compounds relative to the other two 




and 1.00 in the hydrothermal and anhydrous pyrolysates, respectively, indicates 
that removal of C15+ saturates has occurred either in vapor phase or by cracking 
into shorter-chain C5-C14 n-alkanes (Figure 6.13). 
Sulfur weight percent of oils is used as another physical parameter to 
describe the overall bulk characteristic of an oil type.  Of all three oil types, only 
the original Smackover oil and resultant pyrolysates can be considered high-
sulfur (Table 6.9).  It is interesting to note that the sulfur concentrations 
recovered in both the hydrothermal and anhydrous Smackover pyrolysate, while 
lower, are not significantly reduced from the concentration measured in the 
original oil. 
In summary, oil composition and maturity determine the original oil gravity 
of original oils used in these experiments.  The largest magnitude change in API 
gravity of pyrolysates recovered from hydrothermal and anhydrous experiments 
occurred in the Green River and Austin Chalk oils.  The muted API gravity 
response along with the significant decrease in C15+ concentration in pyrolysates 
from experiments using Smackover oil may indicate a higher maturity level 
relative to the other two oil types.  The significant decrease (> 6.0) in the 
saturate/aromatic ratio calculated in pyrolysates generated from the Green River 
oil experiments, relative to the original oil, suggests that with thermal 
degradation, a significant portion of the saturate fraction may be in vapor phase. 
 
    Saturate, aromatic, resin, and asphaltene fractions of recovered oils 
 
 
Recovered oils from the hydrothermal and anhydrous experiments using 
Green River, Austin Chalk, and Smackover oils were separated in C15+ 




described in Chapter 2.  Hydrocarbon fractions recovered from the original 
Green River, Austin Chalk, and Smackover oils are also listed for comparison. 
Table 6.10 indicates that the saturate, aromatic, resin, and asphaltene content 
in recovered oil from pyrolysis of these oils vary significantly from the original 
oil.  In general, the recovered oil from the Smackover experiments contains low 
saturate and high aromatic concentrations.  The Austin Chalk pyrolysates 
contain the highest resin concentrations of all the degraded oils (Table 6.10).  In 
addition, the Austin Chalk pyrolysates show the most variability in saturate and 
aromatic concentrations between hydrothermal and anhydrous experiments.  
Degraded oils recovered from pyrolysis of the Green River oil contain the highest 
saturate concentrations and lowest aromatic content relative to the other oil 
types.  
Figures 6.14, 6.15, and 6.16 depict the relationships in measured oil fractions 
between original and degraded oil for all the selected oil types.  Composition and 
maturity of the original oil  determine the concentration of saturate, aromatic, 
resin, and asphaltene fractions in the hydrothermal and anhydrous pyrolysates. 
As previously discussed in Chapters 3, 4, and 5, the saturate fraction of the 
degraded Smackover oils are significantly lower than the original oil by 
approximately 40.0 wt. %.  Conversely, the aromatic concentration in both 
hydrothermal and anhydrous pyrolysates has increased by approximately 40.0 
wt.%.  Aromatic and saturate concentrations measured in the hydrothermal and 
anhydrous Smackover pyrolysates are similar (Figure 6.14).  This is in contrast to 
results from the other two oil types in which there is differentiation between 






Table 6.10     Oil fractions from original and degraded Green River, Austin  
                        Chalk, and Smackover oils 
 
 














       
Original 
Smackover^ 
50.9 38.3 8.7 2.1 1.0 30.2 
       
HP 2876^ 
anhydrous 
12.1 79.8 4.8 3.3 4.2 76.1 
HP 2877^ 
hydrothermal 
10.1 79.8 5.8 4.4 3.4 67.4 
       
Original 
Austin Chalk^ 
59.5 21.8 17.6 1.1 1.6 16.7 
       
HP 3186^ 
anhydrous 
43.8 48.7 6.1 1.4 1.9 71.9 
HP 2988^ 
hydrothermal 
24.8 63.1 9.9 2.2 2.3 66.9 
       
Original  
Green River^ 
89.5 3.5 2.6 4.4 5.8 5.2 
       
HP 3224^ 
anhydrous 
62.7 35.8 1.5 0.0 3.3 73.4 
HP 3225^ 
hydrothermal 
55.3 41.5 3.1 0.1 3.5 71.0 
       
       
















Figure 6.14  The saturate, aromatic, resin, and asphaltene content of 
hydrothermal and anhydrous pyrolysates from the Smackover natural oil.  All 


















































Figure 6.15  The saturate, aromatic, resin, and asphaltene content of 
hydrothermal and anhydrous pyrolysates from the Austin Chalk natural oil.  All 


















































Figure 6.16  The saturate, aromatic, resin, and asphaltene content of 
hydrothermal and anhydrous pyrolysates from the Green River natural oil.  All 







































The saturate concentration of the original Austin Chalk oil is only 9.0 wt.% 
higher than the saturate content of the original Smackover oil.  However, the 
hydrothermal and anhydrous pyrolysates contain saturate concentrations 
significantly higher relative to what was recovered from the Smackover oil 
experiments (Figures 6.14 and 6.15).  It is important to note the saturate and 
aromatic concentrations are similar, 43.8 wt.% and 48.7 wt.%, respectively from 
the Austin Chalk anhydrous pyrolysate (Table 6.10). Under hydrothermal 
conditions, the pyrolysate contains significantly less saturates and more 
aromatics.  This would imply that hydrothermal pyrolysis of the Austin Chalk oil 
enhanced oil cracking in the saturate fraction.  This will be confirmed by analysis 
of the whole-oil GC (gas chromatograph).  Another characteristic that is unique 
to the Austin Chalk oil (relative to the other oil types) is the elevated resin 
content present in the original oil.  The resin fraction recovered in the 
hydrothermal and anhydrous pyrolysates has decreased relative to the original 
oil, but remains elevated compared to the other oil types. 
As would be expected from a waxy, paraffinic oil, the pyrolysates recovered 
from the Green River oil contain elevated saturate concentrations relative to the 
other oil types (Figure 6.16).  As was measured in pyrolysates from the Austin 
Chalk experiments, increased saturate concentrations were recovered from the 
anhydrous experiment relative to the saturate fraction in the pyrolysate from the 
hydrothermal experiment.  The asphaltene content of the original Green River oil 
is 4.4 wt.%, the highest concentration measured relative to all oil types used in 
this research (Table 6.10).  Unlike results determined from the Smackover and 
Austin Chalk experiments in which the asphaltene fraction slightly increases in 
the pyrolysates, the asphaltene content in the hydrothermal and anhydrous 




This is due to the inclusion of long chain n-alkanes incorporated in the 
asphaltene fraction because of their low solubility in iso-octane.  An accurate 
measurement of asphaltene content is much lower, but hard to determine. 
In summary, changes in the saturate and aromatic content of recovered oil 
from the hydrothermal and anhydrous experiments utilizing Green River, Austin 
Chalk, and Smackover oils reflect the initial compositional variation.  Low 
saturate concentrations were recovered from the Smackover pyrolysates while 
elevated saturate contents were present in the Green River pyrolysates.  Resin 
and asphaltene fractions also reflected compositional variation of the original 
oils.   The aromatic concentration in the original Green River oil is minimal and 
increases to between 35.0 and 42.0% in the pyrolysates.  This is a significant 
increase relative to the other oil types.  Comparsion of the bulk oil fractions with 
whole-oil GC will provide insight into which fraction is degrading preferentially 
to other constituents.  
 
    Whole-oil gas chromatography of the pyrolysis experiments 
   
Whole-oil gas chromatograms (GC-FID) of the recovered oils from the oil 
experiments at 380°C were analyzed to identify saturated and aromatic 
compounds including naphthenes.  A total ion current (TIC) chromatogram 
generated from gas chromatography/mass spectrometry was analyzed to 
identify monoaromatic and polycyclic aromatic compounds and specific 
cycloparaffins and isoparaffins.  Information from the TIC trace was utilized to 
identify the same molecular compounds on the whole oil GC.   
A methodology was developed for whole-oil GC-FID using a cold-trap 




hydrocarbons.  C6, C7, and in some cases, C5 hydrocarbons were identified on the 
chromatogram.  However, since the methodology was developed after some of 
the early experiments, comparison with the original Smackover oil requires using 
nC8 as the initial, comparable n-alkane. 
Figures 6.17, 6.18, 6.19 are whole-oil gas chromatograms of the Smackover, 
Austin Chalk, and Green River oils, respectively.  Comparable aromatic markers, 
selected n-alkanes, alkylated napthalenes, and isoprenoids are marked on each 
GC trace.  In some instances, precise identification of benzene isomers was not 
possible. 
As was previously discussed in Chapter 3, the overall distribution of n-
alkanes shown on the GC trace of the original Smackover oil indicates a non-
biodegraded, thermally mature oil with an odd-even preference of 0.933 (OEP) 
derived from the n-alkanes.  OEP values less than one are unusual (indicating a 
predominance of even-chain-length n-alkanes in the C20 to C25 range) and are 
typically associated with oils from anoxic carbonate or hypersaline environments 
(Scalan and Smith, 1980).  Analysis of the original Smackover oil indicates that 
methyl and alkylated benzenes, xylenes, and napthalenes are significant 
constituents (Figure 6.17).  The presence of aromatics in the original oil is 
reflected in the fairly low calculated saturate/aromatic ratio of 1.33 (Table 6.9).  
The GC trace also indicates that the phytane (iC20) peak is higher in intensity 
than the pristane (iC19) peak.  The resultant pristane/phytane ratio of 0.59 is very 
low and reflects deposition under low redox (Eh) potential , conditions typical of 
anoxic environments. 
The GC trace of the original Austin Chalk oil indicates a non-biodegraded, 






















evidence, OEP values near unity usually indicates oil that is thermally mature.  It 
is important to note the high relative concentrations of methylcyclohexane 
compared to nC8 and other shorter-chain n-alkanes.  Information from the GC 
trace indicates lower concentrations of monoaromatic and polycyclic aromatic 
compounds relative to the n-alkanes (in comparison to the Smackover oil). The 
resultant saturate/aromatic ratio is also higher than the Smackover oil, 
calculated to be 2.70 (Table 6.9). 
Figure 6.19 is a whole-oil GC trace of the original Green River oil used in the 
pyrolysis experiments.  The n-alkane distribution of the oil is much different than 
the other two oil types and indicates that the oil is paraffin-rich and of a fairly 
low-maturity level.  The increase in relative intensity of the HMW (higher 
molecular weight) nC20 – nC30 compared to the LMW (lower molecular 
weight) nC8 – nC12 indicates that the oil is at a lower maturity level.  An OEP 
value determined from the original Green River oil of 0.96 supports the GC trace 
evidence that the oil may be marginally mature.  Organic matter which 
generated the Green River oil is much different than what produced the other 
oils analyzed in this study.  The elevated peak height of nC17 relative to nC18 is 
diagnostic of organic matter containing lacustrine plankton or bacteria (Figure 
6.19).  The relative equivalence of nC21, nC22, and nC23 (odd-carbon 
predominance) suggest terrestrial land plant influence in the organic matter 
which generated the oil (Peters and Moldowan, 1993).  In addition, the 
preservation of paraffins in the HMW range, C27 – C31, suggests inclusion of 
land-derived organic matter.  A low pristane/phytane ratio of 0.90 suggests the 
oil was derived from lacustrine/algal organic matter deposited in strongly 




used for pyrolysis is typical of the paraffin-rich, low-sulfur, lacustrine oil 
produced in the Uinta basin. 
To analyze which oil constituents may be degrading to generate gas and char 
during pyrolysis, relative peak height intensities of the n-alkanes recovered in 
hydrothermal and anhydrous pyrolysates will be compared to the original oil.  In 
conjunction with analysis of the whole-oil GC, information regarding which 
molecular components are being enriched or degraded can be determined. 
 
      Recovered oil from the Smackover experiments  Figures 6.20 and 6.21 are 
whole-oil gas chromatograms of recovered oil from Smackover pyrolysis 
experiments at 380 °C.  Compared to the original oil (Figure 6.17), the relative 
intensity of the longer-chain n-alkanes has decreased to the point that 
identification of carbon numbers between nC18 and nC22 is uncertain. 
Identification of aromatic and and cycloparaffinic compounds is tentative.  
Pristane and phytane cannot be definitively identified on the whole-oil gas 
chromatogram.  Alkylated benzene isomers are common.   
Differences in the gas chromatograms between the hydrothermal and 
anhydrous experiments are not significant.  The GC data from both experiments 
indicate a significant decrease in peak intensity for n-alkanes between nC7 and 
nC18 when compared to the original oil.  Identification of n-alkanes above nC22 is 
problematic on both the whole oil gas chromatogram and the total ion current 
chromatogram for the pyrolysates.   Oil from the hydrothermal experiment 
contains a series of alkylated benezenes with slightly higher intensities relative to 
nC10 than oil from the anhydrous experiment (Figures 6.20 and 6.21).  The GC 
from the anhydrous experiment indicates a higher peak intensity response for 














methyl naphthalene (Figure 6.21).  It was not possible to definitively identify 
naphthalene among the group of alkylated benzene compounds on the GC from 
the hydrothermal experiment. 
Compared to the original Smackover oil, both the hydrothermal and 
anhydrous experiments show a significant enrichment of the shorter-chain nC7 – 
nC11 n-alkanes (Figure 6.22).  There is over 24% relative enrichment of nC7, 8% 
nC8, and almost 4% nC9 in the recovered oil when compared to GC data from the 
original oil.  The relative enrichment of shorter-chain n-alkanes is confined to the 
nC7 - nC11 fraction from the anhydrous experiment. Relative depletion of the 
longer-chain n-alkane fraction from the anhydrous experiment is at a maximum 
of over 4% for the nC14 – nC20 fraction.  Results from the hydrothermal 
experiment are minimally different and indicate relative enrichment occurring 
up to nC11, with maximum of depletion of slightly over 3% occurring within the 
nC14 – nC23 fraction (Figure 6.22). 
 
      Recovered oil from the Austin Chalk experiments  Figures 6.23 and 6.24 are 
whole-oil gas chromatograms of recovered oil from Austin Chalk pyrolysis 
experiments at 380 °C.  Compared to the original oil (Figure 6.18), the relative 
intensity of the longer-chain n-alkanes has decreased to the point that 
identification of carbon numbers between larger than nC18 is uncertain.  
Identification of certain aromatic and cycloparaffinic compounds is possible 
(Figures 6.23 and 6.24).  Pristane and phytane cannot be definitively identified on 
the whole-oil gas chromatogram. 
There are slight differences in peak intensity in the cycloparaffins and 
aromatics between the hydrothermal and anhydrous pyrolysates.  For example, 


















Figure 6.22  Comparison of the normalized percentages of total peak intensity of  
the n-alkanes between the original Smackover oil and recovered oil from the 
































































anhydrous pyrolysate (Figure 6.24).  Oil from the hydrothermal experiment 
contains a series of alkylated benezenes with slightly higher intensities relative to 
nC10 than oil from the anhydrous experiment.  However, as a general rule, these 
cycloparaffinic and aromatic markers are remarkably consistent in the 
pyrolysates recovered from the Austin Chalk experiments. 
Compared to the original Austin Chalk oil, both the hydrothermal and 
anhydrous experiments show significant enrichment of the shorter-chain nC7 – 
nC12 n-alkanes (Figure 6.25).  There are significant differences in relative 
enrichment of the n-alkanes between the hydrothermal and anhydrous 
pyrolysates.  Degraded oil from the anhydrous experiment indicates relative 
enrichment of nC7 (compared to the original oil) of over 25%, much higher than 
what was recovered from the hydrothermal experiment.  However, the GC trace 
from the hydrothermal experiment indicates enrichment in nC7-nC12 relative to 
the anhydrous pyrolysate between 1.5 and 7%.   The zone of relative depletion in 
the longer-chain n-alkanes is similar between the hydrothermal and anhydrous 
pyrolysates (Figure 6.25).   
The enrichment and depletion pattern developed in the n-alkanes from the 
Austin Chalk oil experiments is similar to what was developed in the Smackover 
experiments.  The zone of relative enrichment was confined between nC7-nC12 in 
the Austin Chalk pyrolysates (Figure 6.25).  However, in contrast to the 
Smackover pyrolysates in which both (anhydrous and hydrothermal) showed a 
similar pattern of enrichment, the Austin Chalk hydrothermal pyrolysate 
indicates short-chain saturate fraction enrichment relative to the anhydrous 
pyrolysate.   It is important to note that subsequent changes in injection 
techniques allowed for identification of nC5, nC6, and nC7 on gas chromatograms 














Figure 6.25  Comparison of the normalized percentages of total peak intensity of 
the n-alkanes between the original Austin Chalk oil and recovered oil from the 



















































      Recovered oil from the Green River experiments  Figures 6.26 and 6.27 are 
whole-oil gas chromatograms of recovered oil from the Green River  pyrolysis 
experiments at 380 °C.  Compared to the original oil (Figure 6.19), the relative 
intensity of the longer-chain n-alkanes has decreased to the point that 
identification of carbon numbers between larger than nC18 is uncertain. 
Identification of certain aromatic and cycloparaffinic compounds is possible 
(Figures 6.26 and 6.27).  Pristane and phytane cannot be definitively identified on 
the whole-oil gas chromatogram. 
There are remarkable similarities in peak intensity of the cycloparaffins and 
aromatics between the hydrothermal and anhydrous pyrolysates.  The peak 
intensity for 2-methylnapthalene  (relative to nC13) and alkylated benzenes are 
not significantly different.  The only aromatic marker that appears different 
between the hydrothermal and anhydrous pyrolysates is toluene.  The relative 
intensity of toluene, compared to nC8, is higher in the hydrothermal pyrolysate 
(Figures 6.26 and 6.27).   
Compared to the original Green River oil, both the hydrothermal and 
anhydrous experiments show significant enrichment of the shorter-chain nC7 – 
nC13 n-alkanes (Figure 6.28).  There are no significant differences in relative 
enrichment of the n-alkanes between the hydrothermal and anhydrous 
pyrolysates.  The similarity between hydrothermal and anhydrous pyrolysates of 
the Green River oil in enrichment of the short-chain n-alkanes is different than 
what was recovered from the Austin Chalk pyrolysates (Figure 6.25).  The zone 
of relative depletion in the longer-chain n-alkanes is similar between the 





























Figure 6.28  Comparison of the normalized percentages of total peak intensity of 
the n-alkanes between the original Green River oil and recovered oil from the 

















































The enrichment and depletion pattern developed in the n-alkanes from the 
Green River oil experiments is almost identical to that developed in the 
Smackover and Austin Chalk experiments.  However, in the Green River 
pyrolysates, the zone of relative enrichment extends up to nC13.  Considering that 
the original oil is much different in composition and maturity than the other two 
oil types, the similarity in enrichment and depletion pattern of the n-alkanes is 
significant. 
In summary, all three oil types indicate similar patterns of short-chain, n-
alkane enrichment in the recovered pyrolysates.  This suggests that at 
experimental temperatures of 380 °C, a threshold has been established in which 
nC7-nC13 are stable and accumulate in the pyrolysate (relative to depletion of the 
longer-chain n-alkanes) or there is a predictable pattern of nC14-nC34 destruction 
which generates shorter-chain n-alkanes regardless of oil composition.  It may be 
a combination of both.  It is interesting to note that only the Austin 
Chalkexperiments generated a hydrothermal pyrolysate that was relatively 
enriched in nC9-nC12 relative to the anhydrous pyrolysate.  This was the only oil 
type which contained a significantly high NSO fraction.  This may suggest that 
NSO compounds, in the presence of water, influences the stability threshold of 
the short-chain n-alkanes, or accelerates the generation of nC7-nC12 relative to 
generation under anhydrous conditions. 
 
     Gasoline-range hydrocarbons in recovered oil  
 
Specific aromatic hydrocarbons were used to compare the pyrolysates from 
hydrothermal and anhydrous pyrolysis of Green River, Austin Chalk, and 




compounds were used as reference markers to evaluate compositional trends in 
the recovered oils. A commonly used measure of paraffinicity regarding natural 
oils involves the ratio of nC7 to methylcyclohexane (Hunt, 1996).  This ratio was 
determined from whole-oil gas chromatograms of the recovered oils at 380°C. In 
addition, the ratio of toluene to nC7 is used as a common measure of aromaticity.   
Figure 6.29 is a cross-plot of aromaticity and paraffinicity of the original oil, 
hydrothermal, and anhydrous pyrolysates of the three oil types. As would be 
expected from oils with original compositions that were selected for 
compositional variation, the derived compositional parameters are also quite 
different.  
The lowest paraffinicity parameter and highest aromatic parameter was 
derived from the original Green River oil (Figure 6.29).   After pyrolysis at 380 
°C, the calculated aromaticity parameters are much lower in conjunction with 
significantly higher paraffinicity parameters.  Of all the oil types, the Green River 
oil shows the most dramatic change after thermal maturation.  In contrast, the 
lowest aromaticity parameter was derived from the original Austin Chalk oil 
(Figure 6.29).  The aromaticity parameters increase to 0.26 – 0.29 in the 
hydrothermal and anhydrous pyrolysates.  This is the only oil composition in 
which the aromaticity parameter significantly increases under experimental 
pyrolysis.  This may indicate that either significant concentrations of aromatics 
are being generated in conjunction with n-alkane destruction, or that the 
aromatics already present in the original oil are more thermally stable at 
experimental temperatures than the other oil compositions.  It is important to 
note the elevated concentration of NSO compounds in this particular oil.  This 
may preferentially facilitate the generation of methyl and alkylated aromatic 











Figure 6.29  Paraffinicity and aromaticity of recovered oils from the Green River, 
Austin Chalk, and Smackover experiments.  Ratios are calculated from relative 
peak intensities determined from gas chromatograms (FID).  Solid symbols are 
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As discussed in Chapter 3, the aromaticity parameter does not change 
significantly between the original Smackover oil and the hydrothermal and 
anhydrous pyrolysates.  However, the paraffincity parameter does increase to 
approximately 0.80 in both pyrolysates (Figure 6.29).  The elevated sulfur 
concentration in the original oil does not appear to markedly influence the 
concentration or stability of toluene (relative to nC7) in the pyrolysates. 
Polynuclear aromatic compounds, 2-methylnapthalene and ethylbenzene 
were utilized as aromatic marker ratios (relative to nC9) to track changes in 
higher molecular weight compounds in recovered oils from hydrothermal, 
anhydrous, and grain experiments (Figure 6.30).  Ethylbenzene has a molecular 
weight of 107.11 g/mole while 2-methylnapthalene is heavier, with a molecular 
weight of 143.06 g/mole.   These markers were selected not only for HMW but 
also for ease of identification on a whole-oil GC. 
   The relative concentration of ethylbenzene significantly increases in 
pyrolysates recovered from the Green River oil experiments.   The calculated 
ethylbenzene/nC9 ratio increases to 0.63 in the anhydrous pyrolysate (Figure 
6.30).  However, the relative concentration of the HMW compound 2-
methylnapthalene does not increase with pyrolysis of the original Green River 
oil.  Since the selected aromatic markers were in relatively low concentrations in 
the original oil, the relative increase of ethylbenzene would imply an increase in 
stability under thermal stress or may suggest preferential development of 
alkylated benzenes relative to heavier-weight aromatic compounds. 
In contrast, the Austin Chalk original oil contains significantly elevated 2-
methylnapthalene (relative to nC9) which decreases under thermal stress in the 
















Figure 6.30  Comparison of aromatic markers selected to track changes in 
recovered oil from Green River, Austin Chalk, and Smackover oil experiments.  
Ratios calculated from relative peak intensities determined from gas 
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significantly increases in the hydrothermal and anhydrous pyrolysates, 
respectively (Figure 6.30).   
The relative intensity of the aromatic markers (compared to nC9) in the 
original Smackover oil is lower than the other two oil types.  This may be the 
result of lower concentrations of n-alkanes (relative to aromatics) or due to an 
increase in maturity level relative to the other oil types.   The relative 
concentration of ethylbenzene or 2-methylnapthalene does not change 
significantly in the pyrolysates.   Comparison of the bulk oil fractions and whole-
oil GC would suggest that the Smackover oil is more mature (relative to the other 
two oil types) and therefore, contains lower initial concentrations of aromatic 
markers.  
 
     Isotopic composition of the recovered oils 
 
 
The δ13C ratios from the recovered oil were determined for the Green River, 
Austin Chalk, and Smackover oil experiments.  These ratios were measured in 
the saturate, aromatic, resin, and asphaltene fractions.   Isotopic ratios for the 
hydrocarbon fractions from the original oils prior to pyrolysis were also 
measured. Repeat analyses of selected ratios indicate standard deviations which 
range from 0.02 to 0.13 ‰. 
 Figure 6.31 tracks the isotopic changes in the hydrocarbon fractions of 
recovered oil from the hydrothermal and anhydrous Smackover oil experiments. 
Compared to the value of the original Smackover oil, the saturate fraction of the 
recovered oil from these experiments is enriched in 13C by at least 3.8‰.   The 
anhydrous and hydrothermal δ13C isotopic values of the saturate fraction are 

















Figure 6.31  Isotopic ratios for the hydrocarbon fractions of recovered oil from 
Smackover oil hydrothermal and anhydrous experiments at 380 °C.  Isotopic 
ratios from the original Smackover oil are included.  All δ13C values are in ‰ 

























δ13C.  Maximum fractionation in δ13C between the original oil and degraded oils 
occurs in the saturate fraction.  13C enrichment in the saturate fraction is 
significant since it is approximately 30x the reported maximum standard 
deviation established by repeat analyses.  An increase in isotopic fractionation of 
the saturate portion of the oil may be an indicator that most oil-cracking 
reactions are occurring in the saturate fraction of the oil. 
Isotopic fractionation in the aromatic fraction of recovered oils from the 
hydrothermal and anhydrous Smackover experiments is not as pronounced 
(Figure 6.31).  The aromatic fraction of the recovered oil from the hydrothermal 
and anhydrous experiments is enriched in 13C by over 0.4 ‰ relative to the 
original oil.    In the resin fraction of oils recovered from the experiments there is 
an increase in 13C fractionation relative to the original oil by approximately 1.0 
‰.   This exceeds the amount of fractionation determined in the aromatic portion 
of oils recovered from the experiments and the original Smackover oil. This may 
indicate that cracking reactions occurring during the pyrolysis experiments may 
have utilized NSO compounds preferentially to aromatic precursors.  The 
asphaltene fraction of oils recovered from the experiments is slightly enriched in 
13C relative to the original oil and the δ13C ratios are lower than any reported 
from the saturate, aromatic, and resin fractions. 
Figure 6.32 depicts the 13C comparison of the Austin Chalk oil experiments. 
Similar to what was determined in the Smackover experiments, maximum 
isotopic fractionation relative to the original oil occurs in the saturate fraction of 
the degraded oils.   Relative to isotopic values determined from the Smackover 
oil, there is greater fractionation in δ13C ratios measured in the saturate fraction 















Figure 6.32  Isotopic ratios for the hydrocarbon fractions of recovered oil from 
Austin Chalk hydrothermal and anhydrous experiments at 380 °C.  Isotopic 
ratios from the original Smackover oil are included.  All δ13C values are in ‰ 

























oil (Figure 6.32).   Maximum 13C enrichment (over 4.6 ‰) relative to the original 
oil was measured in the hydrothermal pyrolysate.   
δ13C ratios determined in the aromatic fraction recovered from the original 
oil are roughly equivalent to ratios measured in the hydrothermal and 
anhydrous pyrolysates.  However, in the resin fraction, there is a significant 
increase in 13C fractionation of at least 1.0 ‰ in both pyrolysates.  Of the three oil 
types, only the Austin Chalk pyrolysates indicate isotopic fractionation in the 
resin portion.  Since the original oil contains over 17.0 wt.% NSO compounds, 13C 
fractionation in the resin portion may indicate cracking reactions occurring both 
in the saturate and resin fractions (Table 6.9).  δ13C ratios measured in the 
asphaltene fraction of the original oil and pyrolysates are equivalent.  
Isotopic values determined in the oils recovered from the Green River oil 
experiments also indicate that maximum 13C enrichment occurs in the saturate 
fraction (Figure 6.33).  However, relative to the original oil, there is significant 13C 
depletion in the aromatic fraction.  The Green River oil is the only oil type which 
exhibits this pattern.  This apparent reversal in δ13C ratios measured in the 
aromatic fraction, coupled with significant 13C enrichment in the saturate fraction 
may reflect the lower thermal maturity (relative to the other oil types) of the 
Green River oil.  The resin and asphaltene isotopic values are slightly enriched in 
13C relative to the original oil (Figure 6.33). 
Isotopic results indicate that maximum δ13C fractionation is occurring in the 
saturate fraction in oils recovered from the Green River, Austin Chalk, and 
Smackover oil experiments.  This indicates that the bulk of oil-cracking reactions 
are occurring in the saturate fraction.  This inference is supported by whole-oil 
gas chromatography of the recovered oils (see previous discussion). Isotopic 















Figure 6.33 Isotopic ratios for the hydrocarbon fractions of recovered oil from 
Green River hydrothermal and anhydrous experiments at 380 °C.  Isotopic ratios 


























significant δ13C fractionation has also occurred within the resin fraction. This also 
may indicate that cracking reactions during pyrolysis may preferentially utilize 




Comparison of the temperature variation in experimental run temperatures 
for the Smackover, Austin Chalk, and Green River experiments indicates that 
deviation is low for all the experiments (hydrothermal and anhydrous), ranging 
between ± 0.2 to 0.8°C (Table 6.3).  Unlike results from the grain experiments and 
initial experiments using Smackover oil, there is no improvement in 
temperaturecontrol for the hydrothermal experiments relative to the anhydrous 
experiments.  This may be due, in part, to improved monitoring equipment and 
temperature control of later experiments. 
The pressure increase during the hydrothermal experiments is virtually 
identical for all three oil types.  As will be discussed in the next section, given the 
fact that significantly more gas was generated from the Green River oil relative to 
the other two oil types, higher final pressures should have been recorded from 
the Green River oil experiment.  If the reactor headspace calculated for this 
experiment is significantly larger than what was estimated, then the increase in 
gas yield could be accommodated in the headspace and could produce final 
pressures similar to the hydrothermal experiments involving Smackover and 
Austin Chalk oils.  Due to the semi-solid nature of Green River oil at ambient 
temperatures and pressures, estimation of available headspace in experiments 




  Anhydrous pyrolysis of the Smackover oil results in the highest final 
pressure (~ 3400 psig) relative to final pressures from anhydrous pyrolysis of 
Austin Chalk and Green River oils (~ 3100 psig).  The similarity in pressure 
trends between the anhydrous Austin Chalk and Green River oil experiments is a 
function of differences in available headspace and gas generation. Gas yield from 
the Green River oil experiment is 19.0 wt.%/gOo, over 2.0 wt.%/gOo higher than 
the gas yield from the Austin Chalk experiment.  The pressure trend should also 
be higher given that the amount of oil loaded into the reactors for both 
experiments is similar (Table 6.4). However, the estimation of initial, available 
reactor headspace is only an approximation in the Green River oil experiment. 
As was suggested for the pressure trend developed from the Green River 
hydrothermal experiment, the interplay between available headspace and gas 
yield results in the development of similar pressure trends for both the Green 
River and Austin Chalk anhydrous oil experiments. 
 
     Gas generation 
 
The Green River oil experiments generated the highest total gas and char 
yields relative to the other oil experiments (Table 6.4). Differences in oil 
composition affects the total gas and char yields generated from the pyrolysis 
experiments.  However, irrespective of composition, the hydrothermal 
experiments generated the highest gas yields and lowest char yields relative to 
results from the anhydrous experiments.  The lowest gas yield (16.6 wt.%Oo) was 
generated from the anhydrous Austin Chalk oil experiment.  Oil with an 




C1-C5 of all three oil types.  The high-sulfur oil generated more gas than the low-
sulfur oil. 
It is important to note that in the case of the high sulfur oil (i.e. Smackover), 
the hydrothermal experiment generated less total yield relative to the anhydrous 
experiment.  This difference is attributed to increased char production during the 
anhydrous experiment (Figure 6.2).  Pyrolysis results from the Austin Chalk and 
Green River oil experiments indicate that higher total yields (gas and char) were 
generated from the hydrothermal experiments relative to the anhydrous 
experiments.  It is also evident that the fraction of total yield which is gas, and 
that which is char, is similar for the Austin Chalk and Smackover hydrothermal 
and anhydrous pyrolysis experiments.   
Direct compositional comparison of the Smackover, Austin Chalk, and Green 
River oil experiments is problematic due to significant divergence in reported C1-
C2 values.  Possible experimental and analytical reasons for this variance were 
previously discussed in Chapter 5.  However, several compositional trends can 
be discerned. There are significant differences in C3-C5 concentrations generated 
under hydrothermal conditions between the Smackover, Austin Chalk, and 
Green River oils.  There is little in compositional differences of the generated gas 
from these same oils under anhydrous conditions (Figure 6.5).    More CO2 was 
generated from hydrothermal pyrolysis of all three oil compositions. The highest 
concentrations of H2S were generated from the hydrothermal and anhydrous 
pyrolysis of Smackover oil.   
The highest total gas yield of the Smackover, Austin Chalk, and Green River 
oil experiments was generated from hydrothermal pyrolysis of Green River oil 
(Table 6.4).  Compositional comparison of the gas indicates that elevated 




that these alkane homologs contribute to the increase in total gas yield (Figure 
6.4).  The lowest total gas yield was produced from pyrolysis of the Austin Chalk 
oil.  Figure 6.4 indicates that under hydrothermal conditions, the lowest 
concentrations of C3 – iC5 were generated from the Austin Chalk oil relative to 
the other oil types.  Therefore, the total yield generated under hydrothermal 
conditions is related to the concentration of the C3 – iC5 in the generated gas. 
 
   Char generation 
 
Previously discussed in Chapters 3, 4, and 5, the hydrothermal experiments 
generated less char relative to the anhydrous experiments.  Variation in oil 
composition does not change this relationship. The Green River experiments 
generated significantly more char than the Austin chalk and Smackover oil 
experiments (Figure 6.7).  Hydrothermal pyrolysis of Green River oil generated 
15.7 wt.%Oo char (Table 6.4).  This char yield is greater than the anhydrous yields 
of the Smackover and Austin Chalk oil experiments by at least 1.1 wt.%Oo. 
Differences in char yield between the oil experiments are considered significant 
because they exceed the ± 0.2 wt.%Oo standard deviation established by replicate 
experiments of Smackover oil (Chapter 3).   
Oil composition affects the amount of char generated during the pyrolysis 
experiments.  The Green River oil contains the largest amount of saturates (wt.%) 
along with the highest calculated saturate/aromatic ratio relative to the 
Smackover and Austin Chalk oils (Table 6.1).  The hydrothermal and anhydrous 
experiments using Austin Chalk oil generated the lowest char yields for each of 




This oil contains 59.5 wt.% saturates, slightly higher than the saturate content of 
the Smackover oil but significantly less than the saturate content of the Green  
River oil (Table 6.1).  The low-sulfur content and the elevated amount of resins 
contained in the Austin Chalk oil are significantly different than the sulfur and 
resin content in the Smackover oil. 
The elevated sulfur content in the char produced from the Smackover 
experiment is significant.  Labile sulfur generated from cracking reactions during 
the high-sulfur oil experiment is being incorporated in the char. A significant 
increase in oxygen and nitrogen content of generated chars recovered from the 
Green River oil experiments may be the result of an increase in decarboxylation 
reactions in which more oxygen is available to be incorporated into the char or 
conversely, because less oxygen is needed during cracking, the polymerization of 
heteroatoms forms char with increased oxygen content.  It is interesting to note 
that the oil with highest content of NSO compounds, Austin Chalk oil, did not 
contain chars with significantly elevated nitrogen and oxygen concentrations.   
 
   Isotopic results from generated gas and char 
 
Isotopic ratios from the gas generated from the three oil types are 
isotopically enriched in 13C as the carbon number increases.  Each oil type 
generates gas with different C1 – C5 δ13C ratios (Figure 6.6). This result reflects 
the fact that the original oil used in each experiment has a distinct history of 
generation, migration, and fractionation.  As previously discussed, C2 and C3 
isotopic ratios determined in the generated gas from hydrothermal pyrolysis of 
Smackover oil are slightly enriched in 13C relative to the results from anhydrous 




Austin Chalk oil.  There is no difference in isotopic values between the 
anhydrous and hydrothermal experiments utilizing Green River oil.  This may 
indicate that under thermal stress, cracking reactions in this oil are utilizing 
similar alkane precursors despite the presence or absence of water. 
Figure 6.10 illustrates how the 13C isotopic values analyzed from char 
produced in Smackover, Austin Chalk, and Green River oil experiments vary 
according to hydrothermal and anhydrous experimental conditions.  The isotopic 
value of the whole-oil is included for comparison. Due to significantly different 
oil compositions, migration and burial history, there are significant δ13C 
differences between generated chars from Smackover, Austin Chalk, and Green 
River experiments.  Isotopic char values from the Green River oil experiments are 
depleted in 13C by over 6.0 ‰ than δ13C ratios in chars generated from the 
Smackover oils, and depleted in 13C by over 2.5 ‰ relative to chars generated 
from the Austin Chalk oils (Table 6.8).   
However, there are no significant isotopic differences between hydrothermal 
and anhydrous experimental conditions (Figure 6.10).  Maximum variation 
between experimental conditions occurs in chars generated from the Austin 
Chalk oil experiment, however, the difference is less than 0.10 ‰, less than the 
standard deviation of ± 0.30 ‰.  There are no significant differences in δ13C ratios 
between the original whole-oil isotopic values and ratios determined from the 
generated char.  This implies that minimal fractionation is occurring between the 
oil and chars.  Therefore, the carbon may be incorporated in the char via cross-
linking reactions rather than progressive selection of 12C by free-radical cracking 
reactions. 
 




    Recovered oil results 
 
Oil composition and maturity determine the original oil gravity of original 
oils used in these experiments.  The largest magnitude change in API gravity of 
pyrolysates recovered from hydrothermal and anhydrous experiments occurred 
in the Green River and Austin Chalk oils.  The muted API gravity response along 
with the significant decrease in C15+ concentration in pyrolysates from 
experiments using Smackover oil may indicate a higher maturity level relative to 
the other two oil types.  The significant decrease (> 6.0) in the saturate/aromatic 
ratio calculated in pyrolysates generated from the Green River oil experiments, 
relative to the original oil, suggests that the original oil is of a lower maturity 
level when compared to the other oil types. 
All three oil types produce similar patterns of short-chain, n-alkane 
enrichment in the recovered pyrolysates.  This suggests that at experimental 
temperatures of 380 °C, a threshold has been established in which nC7-nC13 are 
stable and accumulate in the pyrolysate (relative to depletion of the longer-chain 
n-alkanes) or there is a predictable pattern of nC14-nC34 destruction which 
generates shorter-chain n-alkanes regardless of oil composition.  It may be a 
combination of both.  It is interesting to note that only the Austin Chalk 
experiments generated a hydrothermal pyrolysate that was relative enriched in 
nC9-nC12 relative to the anhydrous pyrolysate.  This was the only oil type which 
contained a significantly high NSO fraction.  This may suggest that the presence 
of NSO compounds, in the presence of water, influences the stability threshold of 
the short-chain n-alkanes, or accelerates the generation of nC7-nC12 relative to 




Isotopic results indicate that maximum δ13C fractionation is occurring in the 
saturate fraction of oils recovered from the Green River, Austin Chalk, and 
Smackover oil experiments.  This indicates that the bulk of oil-cracking reactions 
are occurring in the saturate fraction.  This inference is supported by whole-oil 
gas chromatography of the recovered oils.  Isotopic analysis of the recovered oil 
from the Austin Chalk experiment indicates that significant δ13C fractionation 
has also occurred within the resin fraction. This may indicate that cracking 
reactions during pyrolysis may preferentially utilize NSO compounds relative to 





 CHAPTER 7 
 




Closed-system pyrolysis experiments were conducted to investigate the 
influence of water, the influence of water salinity, grain mineralogy and surface 
area, and oil composition on gas generation from thermal cracking of oil.  
Generated gas and char (pyrobitumen) were collected and analyzed to determine 
total yields, molecular composition, and isotopic (δ13C and δD) values.  The 




Influence of Water on Gas Generation from Oil 
 
Smackover oil was used in experiments designed to thermally crack oil to 
gas under hydrothermal and anhydrous conditions.  Experimental pairs 
(hydrothermal and anhydrous) were conducted at 340, 360, 380, and 400°C to 
determine the amount of gas and char generated.  All experiments were 
conducted for 288 hours except for the 340°C experiments.  To insure a 
measureable amount of gas (and char) generation, these experiments were 
conducted for 720 hours.   
1. Excellent temperature control was established during the hydrothermal 
experiments.  One reason for better temperature control (relative to the 





2. The significant pressure increase with temperature measured in the 
anhydrous experiments is the result of gas generation from oil within the 
closed reactor system and available headspace at temperature. 
3. The initial pressures for the hydrothermal experiments are approximately 
3000 psig higher than the initial pressures for the anhydrous experiments.  
This is due to the addition of water vapor in the reactor for the 
hydrothermal experiments. 
4. There is a sequential and predictable increase in gas yield with increasing 
temperature during pyrolysis of Smackover oil. 
5. At experimental temperatures between 360 and 400°C, hydrothermal 
experiments generated more gas relative to the anhydrous experiments. 
6. Compositional analyses from the recovered gas for experiments 
conducted at 380°C indicate that more C1 is generated from the 
hydrothermal experiment relative to the anhydrous experiment. 
7. Significantly more CO2 was generated from the hydrothermal 
experiments relative to the anhydrous experiments.  Slightly more H2S 
was generated from the anhydrous experiments. 
8. Once the gas (and water, if used) was collected at the end of each 
pyrolysis experiment, significant amounts of char (pyrobitumen) were 
found coating the reactor walls, thermal well, and reactor head. 
9. Less char and more gas was generated from the hydrothermal pyrolysis 
experiments. 
10. The elemental composition of char generated under hydrothermal and 





11. There is a reciprocal relationship between calculated S/(S+C) values 
determined in generated char and increasing temperature. 
12. Isotopic (δ13C) variability in generated char increases with increasing 
temperature. 
13. There is a sequential and predictable increase in oil conversion with 
increasing temperature.  If the generated gas and char trends are 
extrapolated to complete conversion of one gram of Smackover oil, the 
amount of gas generated would be 0.66g per gram of oil under 
hydrothermal conditions and 0.62g per gram of oil under anhydrous 
conditions. 
14. Comparison of whole oil gas chromatograms (GC-FID) indicate that with 
increasing temperature up to 380°C, there is a relative enrichment of the n-
alkanes up to nC12 with a coincident depletion of nC13-C21. 
15. Maximum enrichment of 13C occurs in the saturate fraction of recovered 
oil from pyrolysis experiments conducted between 340 and 380°C. 
16. Results from the experiments using Smackover oil indicate that with an 
increase in thermal stress there is a coincident increase in the 
concentration of methyldiamantanes in the recovered oil. 
 
Influence of Salinity on Gas Generation from Oil 
 
A saline pyrolysis experiment was designed using a 7 wt.% NaCl solution 
and Smackover oil.  This experiment was conducted at 380°C for 288 hours and 





also conducted at 380°C.  Similar to the other hydrothermal experiments, 
excellent temperature control was attained during the saline experiment.   
1. Pressure increase in the reactor with time determined from the saline 
experiment is typical of other hydrothermal experiments. 
2. Reduced gas yield from the saline experiment suggests that salvation 
shells surrounding the Na+ and Cl- ions suppress the availability of 
exogenous hydrogen to be untilized in thermal cracking and free radical 
termination. 
3. Comparison of the hydrothermal, anhydrous, and saline gas compositions 
indicate that there are no significant differences in C1 – C5 concentrations. 
4. More CO2 and H2 were generated under hydrothermal and saline 
conditions relative to the anhydrous experiments.  A minimal amount of 
H2S was generated from the saline experiment relative to anhydrous and 
hydrothermal experiments. 
5. The isotopic (δ13C and δD) results from analysis of gas data generated 
from the hydrothermal, anhydrous, and saline experiments are 
significant.  The composition of water used in the experiments affects the 
δD values.  Gas generated from the pyrolysis of Smackover oil follows 
the same trend of progressive 13C enrichment with increasing carbon 
number relative to associated gas collected from the Gulf of Mexico 
petroleum system 
6. It is likely that the increase in the unknown residual char produced from 
the saline experiment is due to incorporate NaCl in the char. 
7. The elevated amount of sulfur present in char generated from the saline 





reactions during pyrolysis is being preferentially incorporated in the char, 
not in the generated gas. 
8. Analysis of δ13C in chars from the hydrothermal, anhydrous, and saline 
experiments indicate isotopic convergence at 380°C. 
9. Comparison of the relative peak intensity of the n-alkanes in the recovered 
oil from the hydrothermal, anhydrous, and saline experiments indicate 
increased enrichment of nC8 – nC11 relative to the original Smackover oil. 
10. Recovered oils from the hydrothermal, anhydrous, and saline 
experiments are significantly more paraffinic and less aromatic than the 
original Smackover oil. 
11. Isotopic analysis of the recovered oil from the hydrothermal, anhydrous, 
and saline experiments indicate that relative to the original oil, the 
saturate fraction of the oil has undergone significant δ13C fractionation 
compared to the aromatic, resin, and asphaltene fractions. 
12. Diamantanes recovered in the thermally degraded oil from the saline 
experiment do not follow trends determined from the anhydrous and 
hydrothermal experiments conducted between 340 - 400°C. 
 
Influence of Grain Mineralogy and Surface Area on Gas Generation from Oil 
 
Quartz sand, limestone, dolomite, and illitic shale were added to the reactors 
to investigate the influence of grain mineralogy on gas generation from pyrolysis 
of Smackover oil.  A 2mm grain size for mineral types was selected as 
representative of typical oil reservoir conditions.  All experiments were designed 





The total surface area of grains loaded into the reactors and the pore space 
available to oil within the rock mass were designed to be similar between the 
grain compositions, with the exception of the 0.75mm-quartz grain experiment in 
which the surface area was deliberately increased.  This experiment was 
designed to investigate the effect of surface area on gas generation.   
1. Better temperature control was attained during the hydrothermal 2mm-
quartz grain pyrolysis experiment relative to the anhydrous grain 
experiments. 
2. The initial and final pressures generated from the 2mm-illitic shale 
experiment are significantly higher than all of the anhydrous grain and 
non-grain experiments.  This is due to the inclusion of water incorporated 
in micropores in the illitic shale. 
3. With a couple of exceptions, the total gas yields generated from the grain 
experiments using Smackover oil are similar to previous experiments in 
which no mineral grains were added to the reactor. 
4. The presence (or absence) of water determines the amount of gas 
generated and may facilitate geocatalytic reactions pathways.  The 
hydrothermal 2mm-quartz sand and 2mm-illitic shale experiments 
generated the highest gas yields relative to the other grain and non-grain 
experiments. 
5. Significantly reduced gas yields were generated from the anhydrous 2-
mm limestone and 0.75mm grain experiments. 
6. More CO2 and H2 were generated from the hydrothermal experiments 
(including the 2mm-illitic shale experiment with water present in 
micropores).  There is also an increase in CO2 generation from the 





7. More gas and less char were generated from the hydrothermal 
experiments.  Results from the grain experiments with water present in 
the reactor are consistent with this trend. 
8. Oxygen content in char recovered from the 2mm-dolomite, limestone, and 
illitic shale experiments is significantly higher relative to char recovered 
from all other grain and non-grain experiments. 
9. Lower oil recoveries from the hydrothermal experiments correspond to 
increased gas generation. 
10. The saturate oil fraction contained in recovered oil from the grain 
experiments is greatly reduced relative to the original Smackover oil, the 
aromatic fraction greatly enhanced, and the resin and asphaltene 
fractions only a few percentage points different from those reported for 
the original (unpyrolyzed) oil. 
11. The GC-FID traces indicate differences in the relative intensities of some 
of the monoaromatic and polyaromatic compounds for some of the grain 
experiments.  The highest relative concentration of 2-methylnapthaliene 
was determined in the pyrolysate from the 2mm-illitic shale experiment. 
12. Recovered oil from the grain experiments contains lower amouns of total 
diamantane (3-methyldiamantane and 4-methyldiamantane) relative to 
the recoveries from the anhydrous and hydrothermal non-grain 
experiments. 
 
Influence of Oil Composition on Gas Generation from Oil 
 
Three different types of crude oils were thermally degraded under 





conducted for 288 hours at 380°C.  It was decided to investigate results from 
pyrolysis of oil with a high sulfur content, oil with a low sulfur content, and an 
oil with a high paraffin content.  Oil from the Smackover formation is considered 
high-sulfur (1.7%) and contains a low percentage of saturates relative to 
aromatics.  Oil from the Austin Chalk formation is considered low-sulfur and 
contains a moderately high ratio of saturates to aromatics.  Sulfur content in oil 
from the Green River formation is low (0.55%) but the ratio of saturate to 
aromatic hydrocarbons is considered extremely high (25.7).   
To facilitate comparison between oil types, the amount of oil and deionzed 
water (if used) loaded into the reactors were similar.  As a result, the calculated 
headspace in all the experiments should also be similar.  However, due to the 
semi-solid nature of Green River oil at ambient temperatures and pressures, 
estimation of available headspace in experiments involving this oil are 
approximations. 
1. The pressure increase during the hydrothermal experiments is virtually 
identical for all three oil types. 
2. The hydrothermal Green River oil experiment generated the highest total 
gas yield (23.6wt.%Oo) relative to the hydrothermal Austin Chalk and 
Smackover oil experiments.  Oil with an extremely high percentage of 
saturates (relative to aromatics) generated the most C1-C5 of all three oil 
types.  The high-sulfur oil generated more gas than the low-sulfur oil. 
3. Concentrations of C3-C5 measured in the hydrothermal experiments reflect 
their relative contribution toward the elevated total gas yield. 
4. Isotopic ratios from the gas generated from the three oil types are 
isotopcially enriched in 13C as the carbon number increases.  Each oil type 





that the original oil used in each experiment has a distinct history of 
generation, migration, genetic source, and fractionation. 
5. There is a significant increase in oxygen and nitrogen content of generated 
chars recovered from the Green River oil experiments relative to the other 
oil types. 
6. There is no significant difference in δ13 C ratios between the original whole 
oil isotopic values and ratios determined in the generated char of each oil 
type.  This implies that the carbon is incorporated in the char via cross-
linking reactions rather than progressive selection of 13C by free-radical 
cracking reactions. 
7. Oil composition and maturity determine the original API gravity of oils 
used in these experiments and the amount of change in the bulk oil 
fractions of pyrolysates generated at elevated temperatures. 
8. All three oil types produce similar patterns of short-chain, n-alkane 
enrichment in the recovered pyrolysates.  This suggests that at 
experimental temperatures of 380°C, a threshold has been established in 
which nC7 – nC13 are stable and accumulate in the pyrolysate (relative to 
the depletion of the longer-chain n-alkanes) or there is a predictable 
pattern of nC14-nC34 destruction which generates the shorter-chain n-
alkanes regardless of oil composition. 
 
Recommendations for Future Research 
 
A preliminary result from the 0.75mm-quartz grain experiment implies that 
increasing the surface area of grains in a reservoir environment has a detrimental 





carbonate and shale grains needs to be designed using the 0.75mm grain size for 
comparison.  If a decrease in gas yield with increasing surface area cannot be 
replicated, the inherent experimental variability utilizing grains in the reactor is 
much larger than initially documented by this research. 
Because comparison of gas compositions measured from the grain 
experiments is problematic, replicate hydrothermal 2mm-quartz grain, 2mm-
dolomite, 2mm-illitic shale, and 2mm-dehydrated illitic shale need to be 
completed.  This will investigate whether the measured concentrations of C1 are 
closer to 50.0 mol% or range between 20.0 and 30.0 mol % as previously 
determined from the initial experiments.  This will determine if an unknown 
analytical error skewed compositional results. 
Pyrolysates recovered from the replicate grain experiments will also help in 
determining whether measured diamantane concentrations are consistent with 
initial results.  If there is a significant deviation from initial values, then the 
utility of using diamantane concentrations to assess relative oil maturity is 
suspect.  Additional pyrolysis experiments at 380°C without grains in the reactor 
would also be needed for definitive comparison. 
The increased gas yields determined from the hydrothermal experiments 
need to be incorporated in burial history modeling scenarios.  Each modeling 
software package has a different methodology for delivering gas cracked from 
in-situ oil accumulations into migration pathways, hydrocarbon reservoirs, and 
production scenarios.  The fact that oil cracked in the presence of water generates 
more gas may have a profound effect on the ability to accurately predict 
hydrocarbon reserves. 
A kinetic study (to determine activation energy and frequency factor 





at 360 and 380°C.  A time interval starting at 6 hours and then doubling to 12, 24, 
48, and 96 hours would insure that significant oil cracking is occurring.  It would 
be advantageous to thermally degrade oil in the presence of illitic shale since this 
experiment generated the largest total gas yield.  For comparison, an anhydrous 
experiment without grains in the reactor is needed as well.  This would bracket 
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